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1. INTRODUCTION 
1.1 BASIS OF THE PROBLEM 
During the past 25 years the gas transfer across the lung has been 
described with a lung model consisting of parallel compartments. The 
increase in computer facilities allowed the development of parameter esti-
mation schemes which culminated in the description of the lung with vir-
tually continuous distributions of both ventilation-perfusion ratio 
distributions and ventilation-volume ratio distributions· A parallel deve-
lopment in mass spectrometers resulted in the simultaneous measurement of 
gases which allows comparison of the gas transfer of different gases under 
exactly the same physiological conditions. Washout curves of gases with the 
same solubility in blood but different diffusion coefficients revealed a 
small but distinct influence of transport by diffusion in the gas phase on 
overall gas transfer. Such diffusion dependent gas transfer cannot be 
described with a lung model consisting of parallel compartment and requires 
a fundamental change in the descriptive lung model as will be discussed in 
this thesis. The classical problem of a sloping alveolar plateau in a 
single breath N2 washout was recently successfully described by Luijendijk 
et al. (1980) using a synchronously emptying lung model with asymmetric 
branching of the airways. So far the sloping alveolar plateau had been 
ascribed to asynchronous emptying of parallel compartments. In this thesis 
we investigated the consequences of the recently developed asymmetric 
branching model for steady state gas transfer and multiple breath washout, 
in order to attain a better understanding and description of gas transfer 
across the human lung. The predictions were compared with those of the 
classical parallel compartment model and with data obtained in vivo. The 
possibilities and limitations of this approach were delightfully exposed by 
Karl Popper (1968) in his treaty on "The logic of scientific discovery" 
first published in 1934. 
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1.2 OUTLINE OF THE THESIS 
The core of this thesis is a comparison of the predictions obtained with a 
model based on asynchronous emptying of regional inhomogeneities due to 
specific ventilation distribution and ventilation-perfusion distributions 
with those of a model based on synchronous emptying of lung areas where 
inhomogeneity results from asymmetric branching patterns and collateral gas 
transfer by diffusion. Predictions of both models will be compared and 
where possible tested against data obtained in vivo. 
The development of the framework of the functional description of gas 
transfer in the human lung, which took about a century, is described in 
section 1.3 of this Chapter, where special attention is paid to the argu-
ments raised in the dispute between Haldane and Krogh in the second decade 
of the twentieth century. The thesis can be further devided into two main 
parts. Steady-state gas transfer will be discussed in Chapters 2 through 6. 
Transient responses in partial pressures to a stepwise forcing function 
will be discussed in Chapter 7 and 8. 
In order to guide the reader through the labyrinth of arguments a brief 
introduction to each of these Chapters is given below. 
Chapter 2 
Variables to describe steady-state gas tranfer will be defined. Using these 
variables boundaries will be derived for respiratory systems based on 
modelling ventilation and circulation as unidirectional constant flows. For 
gases with a constant blood-gas partition coefficient (Henry's law), the 
boundaries will be described by introducing the excretion-retention (E-R) 
diagram. The introduction of the variable Eff(iciency) will offer a quan-
titative description of the effectiveness of the transport system without 
the need for a priori knowledge of its structure. The specific boundary 
conditions derived in this Chapter will allow a simple compatability check 
for the models used in parameter estimation schemes on data obtained in 
vivo. 
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Chapter 3 
The concept of "ideal alveolar air" Is the basis of daily clinical eva­
luation of g&B transfer and is discussed by applying the Ε-R diagram. Data 
generated by a bi-alveolar compartment model for gases with dissociation 
curves of Oj and CO2 are fitted with the ideal alveolar model which con­
tains only one alveolar compartment. Intrinsic problems of the ideal 
alveolar model due to the mutual interaction of the dissociation curves of 
O2 and CO2 become specifically exposed with low mixed venous oxygen satura­
tion. This point will again be raised in the general discussion in Chapter 
9, since it is crucial in the separation of the diffusion limitation for 
oxygen in the alveolo-capillary membrane from the contribution of 
ventilation-perfusion inhomogeneity. 
Chapter 4 
After having discussed models with unidirectional constant ventilation in 
Chapters 2 and 3, we introduce a model with tidal breathing. The dimensions 
of the model closely follow the anatomical data which have been published 
for the human lung. The equations used in the numerical procedures are 
given to allow a judgement of the simplifications applied. Besides the 
interaction of gas transfer by bulk flow and diffusion, we introduce 
interaction with the circulation and with the tissue volume contained in 
the gas exchanging portion of the lung. 
Chapter 5 
Results of simulations obtained with the model described in Chapter 4 will 
be displayed in the Ε-R diagram. The data sets obtained for gases with the 
same diffusion coefficient (D) but various blood-gas partition coefficients 
(λ) turned out to be incompatible for high λ with the boundary conditions 
of the models with constant unidirectional ventilation. Comparable discre­
pancies were found for published data in dog and man allowing falsification 
of the conventional model. 
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Data sets simulated for gases with the same λ but various D turned out to 
be incompatible with the description of the lung with a pool system but 
agreed with published data obtained in the dog· Available published data 
did not allow falsification of either the pool system or the model proposed 
in Chapter 4. 
Chapter 6 
Results of simulations obtained with the model described in Chapter 4 were 
investigated by comparing the behavior of end-expiratory, mean-expiratory 
and arterial partial pressures as a function of λ and D. A reversal in the 
difference between end-expiratory and arterial partial pressure was 
obtained at increased tidal volumes which agreed well with published data 
obtained in man during exercise. This result allowed falsification of the 
conventional model. The factors influencing the outcome of the differently 
defined functional dead space fractions currently used in clinical practice 
are discussed. 
The consequences of our results for the determination of mean alveolar par­
tial pressure in vivo are discussed in Chapter 9. 
Chapter 7 
Predictions of transient response of partial pressures to a stepwise change 
in the inspired partial pressure are derived for the conventional asynchro­
nously emptying parallel compartment model and the model described in 
Chapter 4 on a breath-by-breath basis. The predictions for the He Bohr dead 
space fraction and the relation between the end-expiratory partial pressure 
and the partial pressure retained in the lung are compared with the results 
of He washout curves obtained in healthy subjects in our laboratory. In 
most of the experiments/ we falsified the predictions of the conventional 
lung model. In the few remaining experiments the results could be described 
only by a combined effect of both models. 
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Chapter 8 
Using the same models and experiments as discussed in Chapter 7, we con-
tinued to make predictions concerning the relations between He Bohr dead 
space fraction and washout dead space fraction, the presence of end-
expiratory washout dead space and the variation in the volume of the 
washout dead space. On all points, the conventional model was falsified. 
Chapter 9 
In a general discussion we combine the results of the different chapters 
and discuss their consequences for the following problems. 
a) The possibility to study the gas transfer limitation of the membrane for 
oxygen with the recovered ventilation-perfusion distribution from inert 
gas data. 
b) The determination of the mean alveolar partial pressure used to calcu-
late the diffusing capacity of the lung. 
c) The separation of the influence on the partial pressure distributions in 
the lung as induced by asymmetric branching and transport by diffusion 
from the influence of distributions of ventilation per volume. 
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1.3 DEVELOPMENTS IN THE DESCRIPTION AND UNDERSTANDING OF GAS EXCHANGE 
ACROSS THE LUNG 
The definition of the anatomical dead space based on morphological charac­
teristics by Zuntz (1ΘΘ2) not only marked the beginning of the functional 
description of the gas exchange across the respiratory system but also 
gave rise to the confusion about its exact functional meaning. Assuming 
uniform alveolar air, Bohr (1891) defined the functional dead space by use 
of the mass transport equation P£VE - PJVQ + PAVÄ. The total amount of gas 
in the expired air (P£VE) can thus be divided into a portion coming from 
the dead space, VD, which contains gas at the inspired partial pressure, 
Pj, and a portion coming from the alveolar space (Рд д). 
From their investigations on the control of ventilation, Haldane and 
Priestley (1905) concluded that the partial pressure obtained at the end of 
a deep expiration yielded a representative alveolar sample. Applying this 
partial pressure in the Bohr formulation of dead space, they calculated 
functional dead space volumes. The investigations of Haldane and Priestley 
concerned measurements at rest during quiet breathing. This resulted in a 
moderate variation in the tidal and calculated dead space volumes. 
The determined personal dead space of J.G. Priestley was 142 cc and that of 
J.S. Haldane was 189 cc. These values agreed well with the data for the 
anatomical dead space from excised lungs reported by Loewy (1894). Con­
sequently the method for determining the alveolar partial pressure and the 
technique for determining dead space volume according to Haldane and 
Priestley were generally accepted. 
Bohr (1909) described gas exchange across the respiratory system as an 
active process, which was challenged with a wealth of evidence by Krogh and 
Krogh (1910a-g). However, the evidence presented by Krogh and Krogh 
depended heavily on the correct calculation of average alveolar partial 
pressure, for which they used the estimated anatomical dead space. Douglas 
and Haldane (1912), measuring dead space during exercise, reported em 
increase in the dead space of C.J. Douglas from 160 cc during rest to 
622 cc while walking at 5 miles per hour. This would mean a considerable 
increase in the average alveolar carbon dioxide partial pressure, which was 
an argument to challenge the concept of Krogh and Krogh with respect to gas 
transfer by diffusion across the respiratory epithelium. 
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The data published by Douglas and Haldane (1912) were unacceptable to Krogh 
and Lindhard (1913) who stated that "We had assumed a constant dead space, 
and if Douglas and Haldane were right, we would have to recalculate all our 
experiments and reconsider several portions of our argument". In their 
introduction, Krogh and Lindhard indicated the problem that the arith-
metical mean of the expired air does not correspond exactly to the average 
COj in the alveoli and they already mentioned the difference in respiratory 
quotient in the early expired and late expired alveolar air. Their presen-
tation, however, turned into a manipulation of methods in order to decrease 
the apparently measured dead space, thus calculating decreased average 
alveolar CO2 and increased average alveolar O2 partial pressures. Starting 
with the hydrogen technique described by Siebeck (1910), who used a full 
inspiration of a hydrogen mixture, Krogh and Lindhard (1913) reported their 
results to be very unsatisfactory, since "The dead space as determined 
varied quite irregularly and was much larger than we thought at all 
likely". They consequently altered the measurements by using pure hydrogen 
in order to increase the measurement accuracy, supplying this hydrogen as a 
bolus only during the terminal portion of the inspiration. So, in order 
that the volume should be large enough to wash out the dead space comple-
tely "We have found that to ensure this a volume of not less than three 
times the dead space is necessary and sufficient". The argument which they 
used to justify this manipulation with the measurement technique is crucial 
in the entire discussion on the nature of the dead space. 
Krogh and Lindhard state "With an increase of the dead space to 600 cc the 
hydrogen from an inspiration of 500 cc should not enter the alveoli at all, 
whereas we find between 300 and 400 cc H2 in the alveolar air after such an 
inspiration". Experiments of Briscoe et al. (1954) showed the existence of 
alveolar ventilation at tidal volumes as small as 60 cc, which is much 
smaller than the volume of the anatomical dead space, thus invalidating 
Krogh's argument. It took about sixty years and extensive computer simula-
tions such as those of Paiva (1972), to invalidate Krogh's argument for 
large tidal volumes and to better understand the interaction of convectivo 
flow and gas transport by diffusion which is responsible for this behavior. 
An important point raised by Krogh and Lindhard was the conclusion that 
"The distribution of a gas in the alveolar air after one inspiration of it 
is not uniform. The last portion of an expiration will contain less of the 
gas than the earlier". 
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They concluded this from the observed slope in the alveolar plateau of the 
hydrogen. Finally, they showed that only a small increase in the bronchial 
volume suffices to reduce the flow resistance at increased breathing, thus 
nullifying Douglas' (1912) teleologica! argument on the advantage of an 
increased dead space volume at exercise· Krogh and Lindhard (1914) con-
tinued the dispute with the oscillatory nature of the alveolar partial 
pressures of oxygen and carbon dioxide. They arrived at the conclusion that 
the dead space determined from the end-expiratory CO, during exercise is 
too large. They proposed a technique which is quite similar to what is now 
used to obtain the Fowler (1948) dead space. The Oxford group responded 
with an article of Campbell et al. (1914) describing experiments where 
hyperpnea was induced by increased inspiratory COj levels, thus increasing 
the tidal volume without an increase in C02 production. Their results on 
dead space volumes agreed well with the measurements of Douglas and Haldane 
(1912), and they concluded "After all, the effective dead space, as 
understood in physiology, is an abstraction, not an anatomical reality". 
Haldane (1915) varied the breathing rate during rest between 60 and 3 per 
minute, thus varying the depth of breathing, and calculated the dead space 
for both carbon dioxide and oxygen. Again the results showed a great 
increase with tidal volume now in the absence of hypezpnea. The difference 
in the COj and O2 dead space led Haldane to abandon the original idea of 
dilation of the bronchi and to locate the effective or virtual dead space 
in the relatively overventilated atria which supply the air sacs. 
Krogh and Lindhard (1917) combined all Of their arguments in a final 
article, where the main differences between the Oxford group and Copenhagen 
group are as follows: 
1) Haldane maintained that the dead space is a physiological and not an 
anatomical conception, that it is wrong in principle to determine it by 
means of other gases and that it is inadmissible to calculate the com-
position of the alveolar air from the dead space thus determined and the 
mixed expired air. 
2) Krogh maintained that air in the air sacs (as well as in the atria) is 
not homogeneous at the end of inspiration. The mixing takes place chiefly 
by diffusion and requires a certain time. Finally, the dead space can be 
defined anatomically as well as physiologically as the air passages down to 
and including the bronchioles. It can be determined with considerable 
accuracy and the composition of the average alveolar air which determines 
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the CO2 tension of the arterial blood, can be calculated from the com­
position of the expired air, the average depth of respiration and the 
volume of the dead space in most cases· 
Barcroft (1920) settled the controversy between active and passive дав 
transport of oxygen in favor of a purely passive process· A returning point 
of discussion, however, remained, i.e., the nature of the dead space and 
the reversal of the end-expiratory to arterial partial pressure difference 
as first observed by Douglas et al. (1913) and used as an argument in favor 
of active gas transport. Scheid and Piiper (1980) still ascribe this rever­
sal mainly to measurement errors. He will return to the nature of the dead 
space and the reversal of partial pressure differences in Chapters 6, 7 
and 8. 
• · 
In the period after 1920, attention was drawn to the influence of V/Q in-
homogeneity on the alveolar-arterial difference of O2 by Haldane and 
Priestley (1935) and to the dead space definition using the arterial par­
tial pressure of CO2 in the Bohr formula as introduced by Enghoff (1938). 
This period was brought to a conclusion by Rauwerda (1946). His calcula­
tions on the equilibration by diffusion in the alveolar regions of the 
lung, together with the technical developments in the field of gas analy­
sis, mark the research in the twenty years following the Second World War. 
An extensive review of the developments in the description of gas exchange 
across the lungs of this period is given in the Handbook of Physiology by 
Otis (1964), Bouhuys (1964a, b), Rahn and Farhi (1964) and Riley and 
Permutt (1965). During this two-decade period, three important types of 
studies contributed to the understanding of gas exchange in the lung, i.e.: 
A) steady state studies on O2 and COj transport; B) transient behavior of 
nitrogen partial pressures in single and multiple breath washout; and C) 
transient studies of X
e
 partial pressures. 
The investigations on mean alveolar partial pressures were continued by the 
steady-state studies on O2 and CO2 transfer. In order to define mean 
alveolar air, Rahn (1949) and Riley and Cournand (1949) introduced the 
ideal alveolar concept dividing the lung into an apparent dead space, an 
apparent shunt and an ideal alveolar compartment where equilibrium of 
O2 and COj partial pressures between alveolar air and capillary blood is 
assumed. Quantitative analysis in terms of such a model was possible using 
the diagram introduced by Fenn et -tl. (1946). Thia diagram displays the 
relationships between alveolar partial pressures of O2 and CO2 for specific 
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values of the respiratory quotient· It was assumed that the calculated 
AaDOj differences were the result of diffusion limitation, true venous 
admixture and regional V/Q inhomogeneity. Methods were developed by Riley 
et al. (1951) to distinguish between the contribution of the diffusion 
limitation and the combined effect of venous admixture and regional V/Q 
inhomogeneity by use of different values of inspired oxygen partial 
pressure. We will discuss some problems in interpreting such data in 
Chapter 3. 
The sloping alveolar plateau of Nj after a single breath washout, which was 
originally observed for H2 by Krogh (1913), Aitken and Clark-Kennedy (1928) 
and Mundt et al. (1940), resulted in a method for obtaining a dead space 
which is now called the Fowler (1948) dead space. The interpretation of the 
multiple breath washout curves was given impetus by the multi-exponential 
description proposed by Kety (1951) and Fowler et al. (1952) using exponen-
tial peeling of the washout curves. On the basis of the regional inhomoge-
neity following from the work of Rauwerda (1946), such multi-exponential 
curves were interpreted as the contributions of compartments with different 
turnover rates or specific ventilation. Asynchronous emptying of such com-
partments offered a simple explanation for the sloping alveolar plateau. 
Roos et al. (1955) showed the existence of what we now call end-expiratory 
washout dead space and the important role of the gas transport by diffusion 
in the gas phase using breath-holding experiments. This study was largely 
ignored. On the contrary, the trust in the regional inhomogeneity as the 
cause of the time dependent washout behavior was reconfirmed by the radio-
active isotope studies of West and Dollery (1960) and Ball et al. (1962) 
who described the change in V/Q from apex to base. Thus, at the end of this 
period, a general consensus was reached that the gas exchange across the 
lung could be described in terms of distributions of specific ventilation 
rates, ventilation-perfusion ratios and diffusive resistance across the 
membrane for O2 and that diffusion limitation in the gas phase could be 
neglected. Beautiful graphic analysis techniques had been developed for the 
quantitative treatment of the data. Nevertheless Rahn and Farhi (1964) 
expressed their doubts as follows "It becomes obvious that there is not, as 
yet, a solution for the proper evaluation of mean alveolar CO2 or for that 
matter 02* These discussions therefore, merely indicate the difficult 
problems that face the future investigator. The irony lies in the fact that 
for years we awaited more precise tools for the measurement of arterial gas 
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tensions in order to measure among other things the arterial-alveolar gas 
differences· Now that we have come close to this objective it becomes 
rather obvious that the proper evaluation of mean alveolar gas is probably 
even more difficult". 
The tremendous increase in computer power which evolved in the late sixties 
and seventies had two main consequences : 
1) the development of sophisticated parameter estimation techniques based 
on the lung model with regional inhomogeneity and asynchronous emptying; 
2) the development of gas exchange models incorporating the tidal nature of 
breathing and morphometric dimensions of the lung to study the contribu­
tion of diffusion in the gas phase to gas transport· 
The influence of V/Q distributions on the gas transfer was elucidated by 
Farhi (1967)· West (1969/70), exploring the influence of the dissociation 
curve, reconfirmed the conclusion of Farhi and Rahn (1955) that in general 
the АаІХ>2, as obtained from the ideal alveolar air concept, could be 
ascribed to V/Q inhomogeneity. These studies culminated in the introduction 
of a technique for infusing a solution of foreign gases by Wagner et al. 
(1974a) which enabled the description of gas transport using the 
equilibrium values of the partial pressures in terms of V/Q distributions 
in a 50-compartment lung model by Wagner et al. (1974b). 
Multiple breath analysis evolved into the description of emptying patterns 
of the compartments constituting the lung as described by Tsunoda et al. 
(1972). Ulis technique merged with the lung description of Wagner et al. 
(1974b) when Lewis et al. (1978) divided each breath into successive sub-
volumes of 50 cc, characterizing each of these subvolumes by the distribu­
tion of 50 specific ventilation rates. The merits of these methods are 
dealt with in Chapters 5, 7, β and 9. 
The contribution of the diffusion in the gas phase was reinvestigated by 
Gumming (1966) in a model simulation of the breath-holding experiment of 
Roos et al. (1955). The decrease in dead space could be well accounted for 
by the displacement of the stationary interface by diffusion during the 
breath-holding. Hon and Ultman (1976), Luijendijk et al. (1980), Paiva and 
Engel (1981) and Bowes et al. (1982), using four different numerical tech­
niques, concluded that the eloping alveolar plateau can be ascribed to 
asymmetric branching of the airways in the lung. Luijendijk et al. (1980) 
showed further that the differences in alveolar slope for gases of dif­
ferent molecular weight could be well predicted with their model. 
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CONCLUSION 
The description of gas transfer with a lung model consisting of parallel 
compartments resulted largely from the discussion of passive or active 
transport of gas across the respiratory membrane. The model culminated in 
the description of gas transfer as a passive process with virtually con­
tinuous distributions of ventilation-perfusion ratios and specific ven­
tilation rates· This lung model however fails in the description of partial 
pressure inhomogeneity in relation to gas transport by diffusion in the gas 
phase. Recent investigations about the role of diffusion in the gas phase 
resulted in a model with asymmetric branching of the airways. Пііз model 
enabled the description of a diffusion dependent alveolar slope in a 
single, breath washout and the decrease in dead space after post-inspiratory 
breath-hold. Comparison of the predictions of both models with new data 
obtained in vivo will result in a better understanding of the role played 
by ventilation and perfusion inhomogeneity as described with the classical 
model and the effect of the interaction of bulk flow and diffusion in the 
gas phase as described with the new model. 
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2. GAS EXCHANGE IN LUNG MODELS WITH CONTINUOUS UNIDIRECTIONAL VENTILATION 
Gas exchange will be discussed for gas exchange systems with known analyti­
cal solutions of the transport equations· A graphical technique to display 
steady-state relations of dual input-output systems will be introduced. We 
will first describe idealized gas exchange systems based on co-, cross- and 
counter-current arrangements with the assumptions that a) Henry's law 
applies, meaning that the partial pressure and content of gas in the blood 
are linearly related and b) diffusion limitation can be neglected. 
We will then proceed by the introduction of nonlinear relationships be­
tween partial pressure and content and finally discuss the influence of dif­
fusion limitation. The compatibility of the approaches introduced by Piiper 
and Scheid (1972, 1975) and Wagner et al. (1974) will be emphasized. 
2.1 DEFINITIONS AND BASIC RELATIONSHIPS 
The general dual input-output system is given in Fig. 2.1. 
VT.PI 
Ο τ , Ρ ν Λ ^ 
т.Ре 
^Qj.Pa.X 
Figure 2.1: Geneval eet-up of a dual input-output eyetern. 
ν? = flou of carrier medium at the ventilatory eide. 
QT - flow of carrier medium at the oiroulatory aide. 
?!'*E = partial preeeures of дав at the inlet and outlet, reepeotively 
of the ventilatory eide. 
PjjiPg » partial preeeurea of дав at the inlet and outlet, reepeotively 
of the oiroulatory aide. 
J " главе troneport of дав аеговв the dividing evrfooe. 
λ = blood-дав partition coefficient of the дав. 
On the ventilatory side, is the flow of the transport medium with Pj and 
Pg being the partial pressures of the gas under consideration at the inlet 
2-1 
and outlet, respectively. On the circulatory side, Op is the flow of the 
transport medium with P- and P
a
 as partial pressures of the gas at the 
inlet and outlet, respectively· λ is the blood-gas partition coefficient· 
J is the mass exchange across the respiratory system· The following 
variables are defined to describe the input-output relations of the system: 
Excretion 
Retention 
Saturation 
Uptake 
Gas transport conductance 
(Ε) Ξ (Ρ|-ρ
Ι
)/(ρ--ρ
Ι
) 
(R) Ξ (P
a
-I»I)/(p--pI) 
(S) Ξ (p-.p-)/(pI-p-) 
(U) Ξ (P
a
-p-)/(PI-p-) 
(G) = J/(PI-P-) 
The definition of G was introduced by Chinet et al. (1971). The definitions 
of E and R are generalizations of those used by Wagner et al. (1974). 
E and R describe the transport of gas from the circulation towards the ven­
tilation. E(xcretion) gives the fraction of the original partial pressure 
difference available for gas transfer reached in the expired air by excre­
tion which is easy to understand for Pj-0 when E becomes P£/P~, whereas 
R(etention) gives the fraction which is retained in the circulation which 
becomes Р
а
/Ру for Pj-0. On the other hand U and S describe the transport of 
gas from the ventilation towards the circulation. U(ptake) gives the frac­
tion of the originally available partial pressure difference for gas 
transfer reached in the arterial blood, P
a
/Pi when P^-0, whereas 
S(aturation) gives the fraction which remained in the ventilation, 
Pg/Pj when Ργ·Ό. From the definitions it follows directly that: 
E+S - 1 and U+R - 1 
The mass transport J for a system in steady state and without metabolism of 
the gas can be described by Pick's principle yielding: 
J - V ^ P J - P Ë J / R T - XÒrCPa-P^/RT (2.1) 
where R is the universal gas constant and Τ is the absolute temperature. 
Using eq (2.1) and the definitions of G, E, R, S and U we arrive at the 
following relations: 
G - EV-p/RT - (l-SiV^/RT - U Öj/RT - (1-R) QT/RT (2.2) 
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The close relationship between E, R, S and U show that the values of the 
variables are independent of the transport direction across the alveolo-
capillary membrane· Furtheron in this Chapter the use of U instead of R 
often results in simpler gas transport equations· We have chosen the 
nomenclature introduced by Wagner et al. (1974) where the symbols for ven-
tilation, V, perfusion, Q, excretion, E, and retention, R, are simple and 
close to common usage in respiratory physiology. Piiper and Scheid (1972, 
1975) used another notation which we list only for reason of comparison· 
E - 1-S - r v e n t - Ap v e n t 
R » i-o , 1-rperf - 1-Apperf 
VT/4>T - (P.-í^/ÍP^Pi) =• (Vm6m)(VbBb)- ^ . „ t / ^ r f - X 
where: rvent " fractional ventilation resistance (Piiper and Scheid 
1972) 
APvent ™ ^еіз^і е partial pressure difference of ventilation 
(Piiper and Scheid 1975) 
Tperf s fz'^ctional perfusion resistance (Piiper and Scheid 
1972) 
¿Pperf " relative partial pressure difference of perfusion 
(Piiper and Scheld 1975) 
(Vm0m) • Gyent " ventilation conductance (Piiper and Scheid 
1972, 1975) 
(VjjBb) " Sper f ™ Р в г ^ и в і о п conductance (Piiper and Scheid 
1972, 1975) 
X - ventilation-perfusion conductance ratio (Piiper and 
Scheid 1972). 
2.2 BASIC GAS EXCHANGE ARRANGEMENTS 
The three types of gas exchange used by Piiper and Scheid (1972) to 
describe vertebrate respiratory systems, are also found in technical appli­
cations i.e.: co-current (mammals), cross-current (birds) and counter-
current (fish). The three arrangements are shown in Fig. 2.2. 
In the literature on heat exchangers (Holman 1963) we can find the standard 
solutions of the excretion for the three arrangements : 
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Co-current E - (1-exp-<DVVT)(1+X))/(1+X) (2.3a) 
Cross-current E - 1-exp-(1-exp-(xDA/VT)/X) (2.4a) 
Counter-current E - (1-exp(DA/VT)(1-Х))/(1-Xexp-(DA/VT)(1-Х)) (2.5a) 
where: X » VT/XßT,D - permeability (LT-1) and A ·» surface area (L·2). 
From the relations described in eq (2.2), it follows directly that, using 
egs (2.3a), (2.4a) and (2.5a), we can also derive the expressions for 
S, U and R. For R, this results in: 
Co-current R - (1+Xexp-(DA/VT)(1+X))/(1+X) (2.3b) 
Cross-current R = 1-X(1-exp-(1-exp-(XDA/VT)/X)) (2.4b) 
Counter-current R » (1-X)/( 1-Xexp-(DA/VT) ( 1-Х) ) (2.5b) 
Pi V PE 
»a 
Pi 
~5 Pa Pa 
V Р Ё 
~δ Ρ ν 
i i i i ,1 f 
Pli - ; — н - ^ PE 
co-current counter-current 
Pv + Q 
cross-current 
Figure 2.2: The basic arrangementв ueed to deeoribe vertebrate respiratory 
systems : ao-eurrent for mamáis; aounter-aurrent for fish; cross-
eurrent for birds. The two transport media V and Q enter the system at 
the partial pressures P j and Py and leave the system at the partial 
pressures Рц and P
a
, respectively. In the oo-ourrent arrangement both 
transport media flow parallel. In the counter-current arrangement the 
transport media flou in opposite directions. In the cross-current 
arrangement one medium flow (V) is constantly in contact with a fresh 
sample of the second medium flow (Q) along its way through the gas 
exchange system. 
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2.3 THE E-R DIAGRAM AND ITS BOUNDARIES 
Using the cartesian coordinate notation (R,E), sets of R and E data are 
plotted with the value of R along the abscissa and the value of E along the 
ordinate· In a system where the gas exchange is a passive process, P
a
 and 
Pjj; are always intermediate between P^ and Pj. It follows that the boun­
daries of both E and R are given by 0 < R,E < 1. 
Furthermore it follows trom eq {2.2) that: 
E - (XQT/VT)(1-R) (2.6) 
Hence, data points obtained for gases with a given VT/XQT have to be 
located on a straight l ine which originates in the point (1,0) with a slope 
of -XOj/Vi· within the boundaries 0 < R,E < 1. "nils i s independent of the 
type of arrangement of the respiratory system and of the type of gas 
exchange l imitat ions. The point (1,0) describes the s i tuat ion where no gas 
exchange across the respiratory system occurs· 
These boundaries are shown in Figure 2.3a. 
Figure 2.3: Figure 2.3a ehowe the bomdarn.es of E and R for any dual input-
output eyetem without active дав transport, 0 < R, E < 1. The fan of 
linee ehowe the location of (R,E) paire lihioh share the same VJI/XQT 
ratio deecribed by E = frQf/VfXl-R) · For the abeoisaa X -te infinite, 
(X = Vf/iQ? and λ = 0) for the ordinate (R = 1) X ie aero (λ « <*) and 
for the diagonal X ie unity. Figure 2.3b shows the locations of (R,E) 
pairs for the three basic vertebrate respiratory arrangemente without 
diffueion limitation i.e. co-current (thin line), cross-current (dashed 
line) and counter-current (heavy line) for gases bihich obey Henry's law. 
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One compartment systems 
For systems without diffusion limitation D is infinite. Inserting this 
boundary value of D into eqs (2.3a), (2.3b), (2.4a), (2.4b), (2.5a) and 
(2.5b) yields the description of E and R as a function of X for the one-
compartment system and gases which obey Henry's law. The results for co-
current, cross-current and counter-current are shown in Figure 2.3b. 
The mathematical descriptions are as follows : 
Co-current ; E - R - d + X ) - 1 . Hence the (R,E) sets are located on 
the diagonal connecting point (0,0) for X = " with 
point (1,1) for X - 0. 
Cross-current ; E = 1-exp-(1/X) and R = 1-X(1-exp-(1/X)). The (R,E) sets 
are located on a convex line (d2E/dR2<í 0) connecting 
point (0,0) with point (1,1). 
Counter-current E = 1 and 0 < R ^  1 for X < 1 
R - 0 and 0 < E < 1 for X > 1 
The (R,E) sets are located on the ordinate (R •» 0) or on 
the horizontal line E » 1. 
Three-compartment systems 
We consider now gas exchange systems which consist of one gas exchanging 
compartment with a co-, cross- or counter-current arrangement to which we 
add a deadspace ventilation, VD, and/or a shunt perfusion ¿>3· The ven-
tilation of the gas exchanging compartment becomes VT-VD - VA and the 
capillary perfusion of the gas exchanging compartment becomes Or-¿a ** Qc' 
Addition of dead space 
The mass transport across the respiratory system is described by 
J χ RT - VpfPf-P!) - ^(Рд-Рц) 
with P A the partial pressure of gas leaving the gas exchanging compartment. 
Dividing the last two terms by V^P^-Pj) yields: 
E - (VA/VT) E A (2.7) 
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Ед
 is described by eqs (2.3a), (2.4a) and (2.5a) for co-, cross- and 
counter-current, respectively, taking X - V A/XQ T and D = «> . 
Addition of shunt 
The mass transport across the respiratory system is described by: 
J χ ¿Τ - λΟτίΡ,,-ΐν) - XQcíPc-Pv) 
where Pc is the partial pressure of the gas in the blood from the gas 
exchanging compartment. Dividing the last two terms by XQptPj-p') 
yields: 
U = (¿о/От) u
c 
Since Ü » 1-R and Uc - ''"Re this can be arranged to 
R - 1-(¿c/ar><'|-Rc> - ¿s/^T + (Óc/àr* Rc ( 2 · β > 
Rp is described by eqs (2.3b), (2.4b) and (2.5b) with X - V T/XQ C and 
D - «o. 
It should be realized that in this derivation we have used the assump­
tion that ^ - constant. 
Addition of dead space and shunt 
Eqs (2.7) and (2.8) remain unaltered where Ед and Rc must be calcu-
lated with X - V A/XQ C and D - » . 
The results of dead space and shunt addition are shown in Figure 2.4. 
Since for the co-current system E A is equal to Rç, a straight line is 
obtained by combining eqs (2.7) and (2.8) with : 
R - Q S / Q T + ( Q C / ¿ T H V T / V A ) E (2.9) 
This equation describes the "ideal alveolar space" for gases with 
constant λ. The (R,E) sets are located on the straight line connecting 
(¿S/QT' 0 ' a n d ( 1' ^A/^T' obtained for X - » and X = 0 respectively. 
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vD/vT 
(VT-VD)/VT 
o PS/QT (QT-QSVQT R 1 
Figure 2-4: Location of (R,E) paire for the tree Ъавіа vertebrate respira­
tory arrangements after addition of dead space ventilation, Vp, and 
shunt perfusion, Ç>8,D = ». Co-aurrent (thin line), cross-current (dashed 
line) and counter-current (heavy line). In the case of one gas 
exchanging compartment as shown in the this figure (Υψ - VpJ/Vp = Рд/Ту 
and (QT - Qe)/QT = Q0/QT· 
Ventilation-perfusion ratio distributions 
Instead of one gas exchanging compartment/ we now describe a model with η 
parallel compartments ν 
for each compartment j· 
with different ventilation-perfusion ratios, V./Q., 
Starting with the mass transport equation, we obtain: 
ventilatory side : J χ RT =• VpfPE-P!) - Σ VjCPj-Pj;) 
where : Σ ^ = ν,ρ-Vjj. Dividing the last two terms by VT(P--PI) yields: 
(2.10) E - Σ (Vj/^XPj-Pjl/tP^-Pj) - Σ (Vj/V.j,) E j 
j=l j=l 
2-Θ 
circulatory side; J χ RT - XQï(Pa-p-) = Г XQj(Pj-P^) 
η .
 φ 
where: Σ Q^ . Qï-Qg. Dividing the last two terms by XûrtPj-lÇ) yields: 
η . . 
U - l (Qj/QrJCPj-Pví/fPl-Pví ' ° (ÔJ/ÔT) "i (2.11) 
Since U - 1-R and Oj - 1-Rj, eq (2.11) can be arranged to: 
R - 1 - E (Qj/QrXI-Rj) - (èg/δτ) + Σ (Ôj/fer) Rj (2.12) 
Realizing that for the co-current system EJ - RJ - (I+XJ)"^ and inserting 
these values into eqs (2.10) and (2.12) we obtain: 
E - Σ (V1/VT)(1+Xi)-
1
 and R - (Qg/Ôr) + Σ (Q-j/Ôr) ( l+Xj)"1 
j-1 j=l 
These expressions for E an R are equal to the original definitions given by 
Wagner et al. (1974). 
Using eqs (2.10) and (2.12) we calculated (R,E) sets with a model con-
sisting of two gas exchanging compartments, dead space and shunt for the 
co-, cross- and counter-current arrangements. The results are shown in 
Figures 2.5a and 2.5b for a model with a shunt-like compartment and a dead 
space-like compartment, respectively. 
R 1 0 
Figure 2.S: The location of (R,E) paire for the three baste vertebrate ar-
rangements bfith dead epaae addition, shunt perfusion and parallel V/Q 
irihomogeneity. Figure 2.Sa shows the influenae of an important compart-
ment aith loa V/Q тчЛіо (shunt like) and Figure 2.5b shows the influence 
of an important compartment with high V/Q ratio (dead space like). Co-
current (thin line), cross-current (dashed line) and counter-current 
(heavy line). 
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(R,E) data were calculated for the following two configurations: 
a) ahunt-like compartment: VT/QT ™ 1г Vl/Û1 ш ^'9'· ^2^2 = 0.1; 
VD/VT - Qg/Qr - 0.2 
b) dead space-like compartment: V^/Q^ - 1; V1/Q1 •• 0.526; V2/Q2 - 10; 
р/ т - Qg/Qr - 0.2. 
Specific properties of the curves 
Co-current arrangement 
In Figures 2.5a and 2.5b, the (R,E) sets are located on a curve without 
inflection. It can be shown that, for any parallel distribution in the 
co-current arrangement, the (R,E) sets are located on a straight line or 
a strictly concave curvature ; hence, dE/dR > 0 and d2E/dR2 > 0. 
Proof: E - X C Ô J / V T M I - R ) ; hence, χ - І^Ю/І^ 1-R) ) 
From eq (2.10) we obtain: 
Ε - Ϊ (Vj/V^Ej - Σ ( V J / V T X I + V J / X Q J ) - 1 
Inserting λ into the second equation yields: 
1 - Σ V-j'/fE + (Va'/Qi'MI-R)] 
3=1 J J J 
with Vj' - Vj/V,, and Qj' - Qj/Qr· 
Differentiation with respect to R yields : 
0 - Σ Vj'( dE/dR - VjVQj'J/fE + (VjVQj'Jd-R)] 2 
Because both the numerator and V-i'/Q-t' are definitly positive, it follows 
that dE/dR > 0 (g.e.d.). 
2-10 
Second differentiation with respect to R yields: 
0 -.^Vj'fd^/dR 2 - 2(dE/dR - Vj'/Qj')2] / [E + (Vj,/Qj,)(1-R)]: 
Because (dE/dR - Vj'/Qj')2 is definitely positive it follows that 
d2E/dR2 >0 (q.e.d.)· 
We nay therefore conclude that data sets obtained in vivo have to be 
located on a strictly concave curve in order to derive a good fit with 
a parallel compartment model based on the co-current arrangement eqs (2.10} 
and (2.12), as described by Wagner et al. (1974). 
Note furthermore that the apparent large increase in slope for X > 1 in 
Figure 2.5a is due to the impact of the shunt-like compartment (V-t/i).: << 1 ), 
whereas in Figure 2.5b the large increase in slope for X < 1 is indicative 
of the dead space-like compartment Cfrj/ij » 1). 
Cross-current arrangement 
In Figures 2.5a and 2.5b the (R,E) sets are located on a curve with an 
inflection point: dE/dR > 0 and d2E/dR2 < 0. Depending on the kind of inho-
mogeneity the curve starts (X - *") with a positive d2E/dR2 as shown in 
Figure 2.5a or with a negative d2E/dR2 as shown in Figure 2.5b. 
Counter-current arrangement 
λ rather peculiar behavior is observed for the counter-current arrange-
ment. When decreasing Χ (-νγ/λς^) we first follow the vertical line R -
Qg/Qr as long as all XJ > 1. With a cusp we enter the curved section when 
for the gas exchanging compartment with the smallest V/Q ratio the con­
dition Xj < 1 is reached. The curved section in Figure 2.5a starts earlier 
than in Figure 2.5b since the situation depicted in Figure 2.5a includes a 
a shunt like compartment (Vj/Qj«1). The curved section will show a cusp 
or discontinuity any time that the condition XJ < 1 is reached for one of 
the gas exchanging compartments. 
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When we reach the region with all Xj < 1, the (R,E) sets will follow the 
horizontal line : 
E - j¿1 Vj/V-r - 1 - VO/VT 
Gases which do not obey Henry's law 
Carbon monoxide and the physiologically important gases oxygen and carbon 
dioxide show nonlinear dissociation curves in blood. For such gases, the 
mass transport equations are: 
η . . 
Ventilatory side: J χ RT = v1,(PE-PI) = .| (Vj/VT) (Pj-Pj) . Hence, dividing 
by ^(P'-Pj.) yields eq (2.10). 
η 
Circulatory side: J χ RT - (C^-C^)^ =» Σ (Cj-CÇ)Qj where Ca, С^ and 
СJ represent the content of gas in arterial, mixed venous or blood leaving 
compartment j, respectively. 
If we define the effective blood-gas partition coefficients X
a v
 and 
Xj
v
 as (C
a
-C^)/(P
a
-P~) and (Cj-C^)/(Pj-P^), respectively, we obtain: 
η 
J χ RT - XavèrtPa-Pv) - .E XjvQj (pj-pv> 
Dividing the two last terms by λ3ν!2ιρ/(Ρι-Ρ^) yields: 
η . , 
U - Σ (A i v/X a v)(Q 1/Q T) tb (2.13) 
j = l -" J J 
Since U • 1-R and Uj - 1-Rj, eq (2.13) can be rearranged to: 
R - 1 - E (X-jv/XavHÓj/Ó-rHI-Rj) -
= 1 - Σ (Х
і
 /Х
а
 )(Оз/а
т
) + .E (Xjv/XavXQj/QrJÍRj) (2.14) 
Comparison of eqs (2.12) and (2.14) shows that in general the (R,E) sets 
for gases with nonlinear dissociation curves will not be located on the 
curve formed by (R,E) sets for gases with constant λ . 
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We will return to this point in detail in Chapter 3 when dealing with the 
determination of the ideal alveolar compartment in oxygen and carbon 
dioxide measurements· 
Diffusion limitation 
Using eqs (2.3a), (2.3b), (2.4a), (2.4b), (2.5a) and (2.5b), one can obtain 
the (R,E) sets for gas exchange situations in which the diffusion limita-
tion across the membrane is not negligible. We have calculated the (R,E) 
sets for a one compartment model with DA/V - 1. The results are shown in 
Figure 2.6. It may be seen that for all arrangements the (R,E) sets are 
located on a convex curve with dE/dR > 0 and d2E/ dR2 ^  0. Furthermore, all 
curves converge to the same value E » i_e-LÄ/V ^ or x -». g. 
Figure 2.6: Influence of diffusion limitation an the location of (R,E) paire 
in the three basic vertebrate arrangemente for ΌΑ/V = 1. Co-current 
(thin line), croee-current (dashed line) and counter-current (heavy 
line). The dash dotted line ia straight between (0,0 and (1, l-e~VA/V) 
and added to emphasise the convexity of the co-current system. 
Recently, Scheid et al. (1981) published results obtained with a different 
mammalian lung model called the pool-system with diffusion limitation based 
on serial arrangement of gas exchange barriers as shown in Figure 2.7. 
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¡ffusion barrier 
Figure 2.7: Serial arrangement of the dif'fusion barrier between the 
alveolar враае and the eapillary blood, aleo called pool-eyetem. The 
eet-up diffère from the eo-aurrent arrangement ae far аз Рд-Ру ie the 
driving force for direct дав transfer between the blood and the дав 
phase in the entire lung. In the co-current system this driving force 
varies from Pj-fy at the inlet of the system to PÊ~Pa at the outlet of 
the system (Fig. 2.2). 
The following mass t r anspo r t equations hold: 
J χ RT - X 0 l l (p-_p a ) . DA(Pa-PA) - дСРд-Р!) (2.15) 
From the last two terms it follows that: 
p
a-PA- (V A / D A X P A - P ! ) 
Reformulation in terms of E and R yields: 
R-EA - (VA/DA)EA 
EA - R/(l+V./Cft) - R/g (2.16) 
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Hence, the (R,E) sets obtained with Scheid's one alveolar compartment model 
sharing the same OA are located on a straight line which can be interpreted 
as a co-current system with an additional dead space fraction equal to 
1-g-1 _ (VÄ/DA)/(1+VA/DA). 
The influence of parallel inhomogeneity in Scheid's diffusion radei can be 
described as follows : 
E - l (Vj/Vj) Ej - Σ (Vj/VTHRj/gj) (2.17) 
with: gj - 1 + Vj/DAj. 
Scheid discussed two conditions, i.e., DAj - Vj/c and DAJ - Qj/c where с 
is a constant. 
For DAj " Vj/c we find gj - (1+c) - g; hence, E - g"1 Σ (Vj/VT)Rj which 
is equal to the addition of an apparent dead space fraction to the parallel 
co-current model. For DAj » ßj/c, we find g.. - ( 1+c(^j/è-: ) ) ; hence: 
E - .^(Vj/VTJRj/d+cíVj/Qj)) 
We have calculated the influence of diffusion limitation for the following 
two V/Q distributions: 
a) ν,ρ/βτ - 1; ν,/β, - 1.9; ^ /¿2 - 0.1 
b) т/Вт - 1; V^/Q, - 0.526; V2/¿2 - 10. 
In both cases, (R,E) sets were calculated for DAj - » , DAj - Vj and 
DAj - ¿j. 
The results are shown in Figures 2.8a and 2.8b. We can see that for large 
values of X the effect for DAj - ßj is less pronounced than for DAj - Vj, 
whereas for small values of X the limiting effect with DAJ - ¿j is more 
pronounced than for DAJ >» VJ · If such curves are used to recover Φ/ο 
distributions with a model not including diffusion limitation as described 
by Wagner et al. (1974), we will recover a decreased alveolar ventilation 
in the case of DAj » Vj but the relative contribution of the two alveolar 
compartments remains the same. In the case DAj = {¡j w e will also find a 
decreased alveolar ventilation but now the relative contributions of the 
two alveolar compartments have changed considerably. In the case shown in 
Figure 2.8b, we will even recover a nearly homogeneous distribution since 
the curve is almost linear. 
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Figure 2.8: The influenae of s e r i e s diffusion limitation in the pool-eyetem. 
Figure 2.8a with a dominant shunt like aompartment and Figure 2.8b irith 
a dominant dead space like aompartment. frj/ij and ^g/^S a e ^ n Figurée 
2.5a and 2.5b. Dead space ventilation and shunt perfusion were omitted. 
Solid line Di4 = <=, dashed line 04-· = Vt, dash-dotted line Di47· = Q;. 
Figure 2.9: Ε-R diagram and the aorresponding series models a = ideal ao-
aurrent; b = a + shunt; a = b + dead space; d = с + inhomogeneity; 
e = d + diffusion limitation. The resistances Rj and Rg are determined 
by the transport capacities of the total blood flow and the total ven­
tilation, respectively, flg a w < i ^5 represent the additional résistance 
from shunt and dead space, respectively. R¡ and R4 reeprésent the addi-
tional resistance from diffusion limitation and V/Q inhomogeneity, 
respectively. Quantitative expressions for these resistances are given 
in the text. The dam diagram shows the different cascades due to the 
flux J where Pj = J χ R-j (Ohms'в law) for situation e. On the extreme 
right the Eff(iaiency) is shown for all five situations where situation 
a represents the maximum Eff obtainable in any co-current or pool-system 
arrangement (X = 1) . 
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The model with stratified diffusion limitation described by Scheid et al. 
(1981) is a typical example of the general description of gas exchange 
limitations placed in series for the parallel compartment model given by 
Chinet et al. (1971). Zwart and Luijendijk (1978) used this series model in 
connection with the shift of the (R,E) point over the line E -
(AQT/VT)(1-R) in the Ε-R diagram in analogy with the classical dam diagram 
as shown in Figure 2.9. The total partial pressure difference available for 
gas exchange across the respiratory system, Ρχ-Ρ^, is subdivided into steps 
representing the effect of the different gas exchange limiting factors. 
Mathematically, this can be summarized by generalizing eq (2.15) to: 
J χ RT - ДРі/Нт - ДРг/Нз - йРз/Нз - ÛP4/R4 -
- ΔΡ5/Η5 - APe/Rg (2.18) 
with: ΔΡι - Pç-Pa, observable 
ΔΡ6 - PE-PJ, observable 
Ri » 1/λΟτ ™ 1/'Gperf " perfusion limitation 
R2 " Í S / ' O T Í O T " ^ ' ) " shunt limitation 
R3 » 1/0A - diffusion limitation 
R4 - Li! VjXÒj/ÌVj+bQj))-1 - (( тАОтІЛ т+ХОрП-і 
- inhomogeneity limitation 
R 5 - Vj/iV^Vy-Vv)) - dead space limitation 
Rg » 1/VT - 1/Gvent - ventilation limitation 
The values for the resistances R-j through R^ are independent of the pre­
sence of the restrictions R2, R3, R4 or R5, respectively. 
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2.4 OVERALL EFFICIENCY, Eff. 
Finally, we wish to Introduce the concept of overall efficiency, Eff, to 
describe the gas exchange properties across the respiratory system. The 
variables E, R, U and S have been shown to be directly related to the mass 
transport. Multiplying the numerator and the denominator of E » 
(Pg-PjJAP^-Pj) by VT yields the ratio of the actual mass transport, 
VT(Pg-PI), and the maximal possible mass transport, VT(P^-Pj), on the ven-
tilatory side of the system. Hence, E can be interpreted as the efficiency 
of the ventilation. Multiplying the numerator and denominator of U » 
(Pa-P^)/(PI-IÇ) by XQIJ yields the ratio of the actual mass transport, 
XQT(Pa-P~), and the maximal possible mass transport, XQ^Pj-P^), on the 
circulatory side of the system. Hence, U can be interpreted as the effi-
ciency of the circulation· The overall efficiency of the system, Eff, 
depends on the efficiency of both ventilation and circulation. Eff can be 
defined as Eff - Ε χ U » E(1-R). From the boundary conditions for co- and 
counter-current as depicted in Figure 2.3a, it can easily be deduced that 
the maximum value of Eff, Eff (max), is obtained for V T •• XQj,, hence, for 
the (R,E) set located on the line E - U - 1-R. Eff(max) is 0.25 and 1.00 
for the co-current and counter-current arrangements, respectively. If Eff 
is plotted as a function of log λΟτ/ν^, a graph is obtained which gives an 
easily recognizable curvature for specific V/Q distributions in the co-
current arrangement. 
This is illustrated in Figure 2.10 where Eff is displayed for a co-current 
arrangment with one alveolar compartment together with the Eff for the 
situations with V/Q inhomogeneity already used for Figures 2.8a and 2.8b. 
General properties of Eff 
If Eff shows symmetry around the value log XQij/Vrj; • log λ [tQ^-Q8)/QT] / 
[(VJ-VQJ/VJ], we may speak of a symmetric distribution of V/Q ratios of the 
gas exchanging regions of the lung. Such symmetric distributions may be 
continuous as, for instance, a log Gaussian distribution, or discrete. For 
symmetry we need paired V/Q ratios with V J / ( V T - V D ) » Qn+^j/tap-Qg) ; log 
Vj/Qj - log (VT-V/<(2T-Ôe)+Cj and logCV^^j)/ (0
п + 1_ а) -
log(VT-VD)/(QT-Qs)-Cj, where Сл is a constant. 
The value of Effmaχ is altered by dead space ventilation with the ratio 
• · · · · · 
(VT-VD)/VT and by shunt perfusion with the ratio (Qr-QgJ/Q^.. The value of 
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Viguve 2.10: Eff ae a fmation of log \QT/VT. Figure 2.10a ehowe Eff for a 
lung model without ¿lead βνααβ ventilation and ehunt perfusion. Ideal oo-
ourrent (thin line), inhomogeneity vith a shunt like aompartment (heavy 
line) and inhomogeneity with a large ¿Lead epaae like compartment (dashed 
line). Inhomogeneity was in Figure 2.8 with DA = "(solid line). Dashed 
dotted lines are aurvee through midpoints of equal Eff as is indicated by 
the two sets of arrows (kjb) for the heavy curve. S¡> = total skewness. 
SA = alveolar skewness. Figure 2.2 0b shows Eff after addition of 20 per 
cent dead apace ventilation. Alveolar skewness SA was the same as for the 
three conditions in Figure 2.10a. Total skewness ST became -0.096, 0.104 
and -0.296 for the ideal co-current, inhomogeneity with shunt like com-
partment, and inhomogeneity with a dead space like compartment, respecti-
vely. 
log Χθ
τ
/ν
τ
 at which Effmax is located expresses the skewness of the distri­
bution. A positive value of the skewness indicates a shift in the efficiency 
in favor of the more soluble gases, whereas a negative value indicates a 
shift in the efficiency in favor of the less soluble gases. 
The skewness can be further subdivided into a skewness of the gas exchanging 
region and a skewness due to dead space ventilation and shunt perfusion by 
drawing the line through the midpoints of equal Eff values as illustrated 
in Figures 2.10a and 2.10.b. Thus, we obtain total skewness, up, and 
alveolar skewness, 5
Д
. 
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2.5 DISCUSSION 
Gas exchange properties were shown for systems in which ventilation and 
circulation were treated as unidirectional continuous flows· The use of the 
variables E, R, λ, Q and V as introduced by Farhi (1967) and Wagner et al. 
( 1974) is fully compatible with the nomenclature used by Piiper and Scheid 
(1972, 1975). The nomenclature introduced by Piiper and Scheid (1975) is 
preferable if the mammalian respiratory system is described in terms of 
serial resistances as introduced by Chinet et al. (1971) with their dam 
diagram. 
It is also for the serial model that the term "ventilated pool-system" for 
the mammalian lung introduced by Piiper and Scheid (1975) is more correct, 
since the co-current system and the ventilated pool-system diverge in the 
transfer characteristics if diffusion limitation is introduced as shown in 
Figures 2.6 and 2.8. The introduction of the Ε-R diagram leads to the for­
mulation of a class of curvatures which the (R,E) data points have to obey 
to enable a description of the respiratory system in terms of V/Q distribu­
tions without diffusion limitation as proposed by Wagner et al- (1974) or 
with the type of diffusion limitation discribed by Scheid et al. (1981). 
2 2 
The strict restrictions given for dE/dR and d E/dR make the Ε-R diagram 
preferable in comparison with previously used graphical methods which 
displayed E and R as functions of the independent variables log λ or 
log XQT/VT. 
This is illustrated in Figure 2.11a by plotting the R and E data obtained 
for the two gas exchange situations previously used in Figures 2.5a and 
2.5b with co-current arrangements. In Figure 2.11a, all data follow a smooth 
sigmoid line from which no conclusion can be drawn on the amount of dead 
space ventilation, shunt perfusion or the type of V/Q distribution. A 
better result is obtained using the technique introduced by Neufeld et al. 
(1978) and Hlastala and Robertson (1978) to display Α-a differences. 
In Figure 2.11b the Ε-a differences and the A-c differences are displayed 
for the same gas exchange situations as used in Figure 2.11a. The alveolar 
values. A, resulted from multiplying the E values by V T/(V T-V D), and the 
capillary values, c, were obtained by using R
c
 » 1- {^/(Q^i-Qg) ( 1-R). 
Skewness of a distribution again results in a shift of the maximum A-c dif­
ference comparable with the curvature of Eff shown in Figure 2.10. However, 
the form of the curve depends heavily on the estimated values of VQ/4T and 
Qg/Qrp and it will be shown in Chapter 5 that the tidal properties of the 
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ventilation make it almost impossible to obtain a good estimate of the dead 
space fraction in terms of parallel compartments frem (R,E) data obtained 
in vivo. 
Pp-Pa 
b 
OJ 
0.4 
0.3. 
0.2. 
0.1 
0.0J 
-1 1 -1 0 1 
log AQ T/V T-»~ log A Q T / V T - ^ 
Figure 2.11: a. E and R ae a fimaticm of log XQ^/Vf fov the lunge with 
ao-auvvent parallel inhomogene ity. Dominant high Q/V aompavtment ae in 
Figure 2.5a (aontinuoue linee). Dominant low Q/V compartment ae in Figure 
2.5b (daehed linee). Ъ. E-a and A-α differenaee ae a funotion of log 
XQf/Vf for the eame aonditione ae deecribed for Figure a. 
CONCLUSIONS 
The parallel co-current model without diffusion limitation and the pool-
system both yield curves in the Ε-R diagram which follow a concave cur­
vature without inflections. 
This property allows a simple compatibility check with data obtained in 
vivo. The variable Eff(iclency) allows quantification of the performance of 
the respiratory system in terms of maximum efficiency, total skewnese and 
alveolar skewness, without the need to apply laborious parameter estimation 
programs which may not even be compatible with the data obtained in vivo. 
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3. THE 'IDEAL ALVEOLAR AIR' CONCEPT 
The basis of the conventional lung function analysis is a description of 
the lung with an ideal alveolar compartment, apparent dead space and 
apparent shunt as introduced by Rahn (1949) and Riley and Cournand (1949). 
For gases which obey Henry's law where the blood-gas partition coefficient 
is not a function of the partial pressure (λ φ f (Ρ))/ it has been shown in 
Chapter 2 that (R/E) data from a lung model consisting of one gas 
exchanging compartment form a straight line in the Ε-R diagram. Hence, 
using the (R,E) data from two gases, the ideal alveolar concept is based on 
connecting the two (R,E) points with a straight line. 
The two gases used in the conventional analysis, O^ and CO2, do not obey 
Henry's law. The relation between the contents in blood and the partial 
pressures is decribed by the dissociation curves, which are mutually depen­
dent. In this Chapter the ideal alveolar concept will first be applied to 
gases which obey Henry's law. We will then continue with the influence of 
the nonlinear dissociation curves on the location of the (R,E) points of 
oxygen and carbon dioxide and how this nonlinearity affects the estimated 
parameters of the ideal alveolar concept if the generating model of the 
data consists of two gas exchanging compartments with different 
ventilation-perfusion ratios. In our simulations, we neglected the 
influence of diffusion limitation. 
3.1 GASES WHICH OBEY HENRY'S LAW 
The basic qualities of the ideal alveolar concept can be well understood in 
a simulation for gases which obey Henry's law (λ φ f(Ρ). We therefore 
generated (R,E) sets in a lung model with two gas exchanging compartments 
where : 
V D/V T -0.2; ν,/ т - VJ/VT -0.4; ¿ι/Οτ -0.05; {fc/Qr -0.95 and Qg/Qr -0 
The Ε-R diagram for such a model is shown in Figures 3.1a and 3.1b. In 
Figure 3.1a, the (R,E)sets according to ці/іЛ^)-! and V T/(^2^r)"
0
·
2 w e r e 
used to describe the lung in terms of ideal alveolar air. In Figure 3.1b, 
• · · · 
the (RjE) sets according to VT/(X1QT)-2 and ντ/(λ2θτ)™0·4 were used, which 
corresponds to a twofold increase in Vip/Qrp. 
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Figure 3.1: The "ideal alveolar air" concept for gaeee obeying Henry's law. 
Curved lines show the location of (R,E) points obtained in a model nrith 
two дав exchanging eompartments and dead space ventilation. The ideal 
alveolar line is obtained by connecting the two hypothetical available 
(R,fi) pointe (R,E)i and (R,E)2· vAi/^T ~ ideal alveolar ventilation 
• · · · fraction, Vpi/Vy the associated apparent dead space fraction. Qm/Qf = 
ideal alveolar perfusion fiKustion and Q
e
i/Qf the associated apparent shunt 
fraction. Using the same gases, the Figures a and b illustrate the 
effect of a twofold increase in Vy/Çy îfce twofold increase can be 
easily cheeked by the change in the intersect of the line E = (^Qf/Vf) 
(1-R) xiith the horizontal line E = 1. Increasing the ratio of Xj/Ag 
finally yields for ^2 = 0 and λ2 " " t h e values Qe¿/Q>p = 0 and щ/ т -
Vp/Vf which were the values of the generating model. 
The alveolar-arterial partial pressure difference, AaD - Рд^-Ра where 
P A i is the apparent partial pressure in the ideal alveolar compartment. 
Using E and R and eq (2.7) the AaD as a fraction of Pi-P^ becomes: 
AaD/tPj-P^) - Κ-Ε(ν
τ
/ν
Μ
) (3.1) 
where VA¿ is the ventilation of the ideal alveolar space and Pj > P^. 
For P~ > PIf it is conventional to use the aAD= Р
а
-Р
д і
 and eq (3.1) 
becomes : 
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aAD/tP^-?!) - R-E(VT/VAl) (3.2) 
The influence of the apparent shunt fraction, Q
s
±, can be obtained by 
inserting eq (2.9) for R into eq (3.1) yielding: 
AaD/tPj-P-) - (Qgj/QrMI - E(V T/V A i)) (3.3) 
From Figures 3.1a and 3.1b we obtained the following data: 
3.1a. Qgi/QT-0.36; V^/V^O. 37; AaD^Pj-P^-O. 16; AaDj/^-P^-O.Oe 
3.1b. Qgj/QT-O.ie; V^/Vy-0.45 ; AaD^fP^P-J-O. 10; AaD2/(PI-I^)-0. 06 
where vDi"vT"vAi ί 3 apparent dead space ventilation and AaD1 and AaDj refer 
to the gas with λ-) and λ2#respectively. №ese results show that changing 
the overall V T/Q T of a lung model, where the relative distribution of the 
ventilation and perfusion remains unaltered, will result in a shift in the 
apparent shunt fraction, Qg^/Qip, and the apparent dead space fraction, 
Vpj/Vip. In general we can conclude that increasing V^/Qy yields a decrease 
in Qgi/Qr concomitant with an increase in V D i/V T. Increasing the ratio of 
the blood-gas partition coefficients of the two gases used in the analysis, 
which corresponds to widening the angle between the lines described with 
the mass balance, E - (XQT/VT)(1-R), results in a decrease of both 
V D i/V T and Qgi/Q·?· The AaD in these simulations directly reflects the 
influence of Q B Ì / Q T in eq (3.3). Only for E - T^/Vip will the AaD be zero. 
In clinical practice this condition is assumed to hold for CO2 and Рд^г 
is calculated from the physiological dead space fraction of CO2 (λ У™)· 
The effect of this simplified procedure on the estimated shunt fraction is 
shown in Figure 3.2. The intersect of the line connecting the point 
(R,E) <· (0,0) and the (R,E) point for the gas with the highest blood-gas 
partition coefficient (Хг^ yields the physiological dead space fraction of 
that gas, (I-E2/R2), and thus in the simplified procedure the alveolar ven­
tilation (Фд " U,pE2/R2) · The next step to obtain the apparent shunt frac­
tion is connecting the point (1, E2/R2) with the point (R-j, E1 ) . 
The intersect of this line with the abscissa yields the apparent shunt 
fraction. In Figure 3.2 this would result in an apparent shunt fraction of 
0.30 instead of 0.36 for the correct ¿si/Or i n ^ 1 6 ideal alveolar concept, 
the error in shunt thus being 0.06. 
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Figure 3.2: Conetruetion of the ervov introdueed by the oonoentianal 
analyeie of the ideal alveolar oompartment. The thin line through (R,E) 
= (0,0) and (F,E)2 yields the phyeiologiaal dead epace fraction of the 
дав with the highest ^.(Vpi/Vf + AVp/Vj,). Jhe daeh-dotted line through 
(R,E)2 givee in combination aith this physiological dead space fraction 
the apparent shunt (Qg^/Q-p - Mlg/Qf) · Points (F,E)2 and (F, E)2 
correspond to the data used in Figure 3.1a. The error introduced by the 
conventional analysis is in this case áQg/uf = 0.06. Application of 
eq 3.3 of this incorrect apparent dead space and shunt fraction will 
yield a negative ΑαΏζ or odOg-
3.2 THE EFFECTS OF NONLINEAR DISSOCIATION CURVES: MODEL SIMULATION 
Calculations «ere based on the dissociation curves of O2 and CO2 as for­
mulated by Kinne and Seagrave (1974) and described by the following 
equations : 
п-5в- ( 3 . 4 ) 
(3.5) 
(3.6) 
у - (0.004273 + 0.04326 P
c o
, " >Po, (3-7) 
C 0 2 » Свах ( u / < 1 + u > > + ™~Ъ*02 
Cco 2 - (0.145 - 0.017(u/(1 + u ) ) P C O 2 0 · 3 6 
u - 0.925y + 2.8y 2 + 30y3 
   
m
, ~
0
'
5 3 5 ) p O , r C 0 2 
3 - 4 
where: Сщах • oxygen capacity (ml/ml blood) 
CQ , CQO, " content (ml/ml blood) of oxygen and carbon dioxide, 
respectively 
PQJ' ^COJ ™ partial pressure (nnnHg) of oxygen and carbon dioxide, 
respectively. 
u - auxiliary variable related to the form of the disso­
ciation curve. The terms with u in eq (3.5) cause the 
"Haldane" effect. 
у » auxiliary variable which accounts for the shift in the 
dissociation curve, the Bohr effect, by carbon 
dioxide. 
For the calculations of (R,E) sets we entered P1O2, Py02 and P^CC^ 
(PjC02 was assumed to be zero) together with the values which determine the 
model configuration, i.e., УцЛЛр, Vi/VT, V2/VT, V 1/Q 1, V2/Q2/ QI/QT» 
QJ/ÛT and Qg/Qr· 
For each gas exchanging compartment, the alveolar partial pressures and 
capillary contents of O2 and CO2 were simultaneously calculated in an 
iterative loop on the basis of the mass transport equation: 
Fj - Pj - (Ôj/VjHOj - С") (3.8) 
where: Fj, Fa - fraction (ml/ml) in the inspired air and alveolar air of 
compartment j, respectively, Cj, cÇ •» capillary content of compartment j 
and mixed venous content, respectively. Cj followed from eqs (3.4), (3.5), 
(3.6) and (3.7) in each iterative step. P0 and PCQ, were entered in the 
equations and the resulting Fj eq (3.8) was compared with the value for the 
preceding step until the error remained within the arbitrarily chosen 
required tolerance. From the final partial pressures and capillary con-
tents, we then calculated the mixed expiratory partial pressures and the 
arterial contents. In an iterative loop the arterial partial pressures were 
derived from the arterial contents. 
The mixed expiratory and arterial partial pressures were entered in the 
final part of the computer program to be fitted with a model based on ideal 
alveolar air, apparent shunt and apparent dead space. The first step in an 
iterative loop consisted of the conventional calculation of the ideal 
alveolar partial pressure of oxygen from the physiological dead space frac-
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tion of C02Í(1 - PE/pa)' ^*16 transport equation on the perfusion side for 
• · · 
oxygen, QSC^02 + QCCC02 - QjiCgC^, where 0 o and Cc represent the perfusion 
and the concentration in the blood of the apparent ideal alveolar compart-
ment, yields a first estimate of the apparent shunt, with which the conven-
tional analysis stops· 
In our fitting program, the estimated shunt fraction was reentered to esti-
mate the ideal alveolar partial pressure of COj and from that the apparent 
dead space fraction· This iterative process was continued until the 
required tolerance between two successive estimates of the apparent shunt 
fraction was obtained· 
Further properties of the simulation program were : 
1) No corrections were made for addition of water vapor· 
2) No corrections were made for the shrinkage effect of oxygen uptake or 
the diluting effect of carbon dioxide excretion. 
3) Perfect equilibrium between alveolar air and capillary blood was assumed 
(DA/Q =» °°). 
4) All simulations presented in this chapter fulfilled the condition 
0.7 < RQ < 1.0. 
3.3 RESULTS 
Influence of shunt perfusion per se. 
In Figures 3.3a and 3.3b, the results for simulations in a model consisting 
of one gas exchanging compartment without and with a shunt of 20 per cent, 
respectively, are shown. In all simulations, the dead space fraction was 20 
per cent. Except for the shunt fraction, all input conditions were identical 
for both sets of simulations and are given in Table 3.I together with the 
derived values for AaDOj, aADCC^ and RQ for the simulated results of Figure 
3.3b. The recovered VQ/V^, and Qgi/Qi were in perfect agreement with the 
input data. Using eq (3.3) one can derive the contribution of the shunt 
perfusion to AaD for the hypothetical situation where the points of the 
dissociation curve corresponding to Pv, Pa and PA could have been connected 
with a straight line. The results using eq. (3.3) are also given in Table 
3.1 and designated as AaD'C^ and aAD'COj. If the (R,E) sets are located 
on the ideal alveolar line in the Ε-R diagram, then AaD and AaD' will be 
the same. A difference between AaD and AaD' is due entirely to the nonli­
near behavior of the dissociation curve and hence to the change in effec-
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tive blood-gas partition coefficient occurring with the mixing of capillary 
and venous blood. It is obvious that for the simulations shown in Figure 
3.3b, the effect of the nonlinearity of the dissociation curve is negli­
gible for COj but considerable for O2· 
Figure 3.3: Influenae of the dieeociation aurve on the location of (R,E)02 
(open symbole) and (R,E)C02 (filled eymbole) obtained in a model tilth 
one дав exehanging eompartment or the "ideal alveolar" compartment. 
Figure 3.3a ehoWe data obtained in a model tûithout ahmt and Figure 3.3b 
with a ehunt of 20 percent. The line in the Ε-R diagram corresponde to 
the (R, E) curve of the generating model (λ ^  fCP) ) . In this simulation 
the ideal alveolar line is identical to the curve of the generating 
model. Different points were obtained by changing the alveolar 
ventilation-perfusion ratio: 
Ι, ν
Α
/4
Α
 = 1.0 (circle): II, Ϋ
Α
/$
Α
 '0.8 (triangle); III, YA/QA = 0.5 
(square). Further input conditions are given in Table 3.1. Note the 
shift in the (R,E)02 in Figure 3.3b which is not present in (R,E)C02' 
Vt/V,, Ô S / Q T V A / Q A Ρ " C 0 2 P J O J p - 0 2 RQ AaDOj A a D ' 0 2 aADCOj aAD'COj 
ШшНд пппНст шшНд лппНа RQDHQ ШШНС пвдНф 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
1.0 
0.8 
0.5 
50 
50 
50 
147 
147 
147 
30 0.967 42.39 
30 0.829 33.84 
40 0.874 26.26 
14.62 
12.69 
10.95 
1.51 
1.21 
0.82 
1.46 
1.07 
0.79 
Table 3 . I : Input data and derived var iab les for t h e s imulat ions shown i n 
Figure 3.3b. 
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Effect of different types of inhomogenelty 
We used a model with two gas exchanging compartments and 20 per cent dead 
space ventilation· A compartment with medium V/Q was combined with either a 
low V/Q or a high V/Q compartment. The results are shown in Figures 3.4a 
and 3.4b. The input conditions and derived variables are given in 
Table 3.II. 
The results shown in Figure 3.4a follow closely the behavior of a shunt 
perfusion per se as shown in Figure 3.3b. The (R,E)C02 point is virtually 
located on the curve which corresponds to the generating model (λ ^ f(P)) 
and to the ideal alveolar line. The (R^EJOj point, however/ is far from 
both curves. 
The results shown in Figure 3.4b show that, in a lung with a high V/Q com­
partment, the shift in the (R,E)02 due to the nonlinear dissociation curve 
is much smaller than that found in the presence of a low V/Q compartment. 
The shift in the (R/EJCOj, however, becomes appreciable. In the simulations 
used in Figure 3.4b, the shift in (R,E)02 and (R,E)C02 with respect to the 
curve of the generating model (λ ^ f(P)) is of the same order of magnitude 
for both gases. The (Η,ΕΙΟΟ, point is nevertheless virtually located on the 
ideal alveolar line. This could lead to the spurious conclusion that the 
aADC02 can be entirely ascribed to the apparent shunt (Q
s i/Q T) as can be 
deduced from the small difference between aADC02 and aAD'CC^, or in other 
words, that the gas exchange of CO2 corresponds to a gas with λ / f(Ρ). 
Effect of changes in Pjt^ and P^Oj 
The influence of a reduced Pi°2 w a s simulated in a model with two gas 
exchanging compartments with slightly less inhomogenelty than in the model 
used for Figure 3.4b. The results are shown in Figures 3.5a and 3.5b. Input 
conditions and derived variables are given in Table 3.III. In order to 
fulfill the condition 0.7^RQ^1.0 we had to alter V T/Q T for conditions I, 
II and III, respectively. The results shown in Figures 3.5a and 3.5b confirm 
the observation in Figure 3.4b to the shift in the (R,E)C02 point in the 
presence of a compartment with a high V/Q ratio. The shift in the ideal 
alveolar lines obtained at lowered PjOj (100 mm Hg) has moved so far to the 
right that no intersect occurs with the (R,E) curve of the generating model 
(λ И f(P)). 
Э-
Figure 2.4: Influencée of the dieeoaiation curve on the location of (R,E)02 
(open eymbole) and (R, FJCOg, ( f Hied eymbole) obtained in a model with 
two дав exchanging compartment в. Figure 3.4a shows the (Я,Е) curve 
(continuous line) of the jnodel with a law V/Q compartment (V/Q = O.05J 
and Figure 3.4b shows the (R,E) curve of the model with a high V/Q com­
partment (U/Q =10). Dashed lines give the ideal alveolar lines 
corre spending to (R,E)02 and (R,E)C02· Further input data are given in 
Table 3.11. 
*Т * Л ty*T V à r 0 2 / έ Τ » Λ V2/02 FjO, PjOj Р-С02 ВС *aD02 AaD'Oj Ж*2 «D ( 
шшНд пшНд пшНд m H g пшНд пвНд ииНд 
0.2 
0 .2 
0.04 
0.4 
0.76 
0 .4 
0 .5 
0.05 
0.5 
0.95 
0.05 
10 
0.95 
0.526 
147 
147 
30 
30 
50 
50 
0.876 
0.В10 
50.55 2в.39 
17.16 6.18 
2.61 
0.37 
2.56 
0.35 
Table З.ІІ: Input data and derived variables of the simulations shown in 
Figure 3.4a and Figure 3.4b. 
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ч 
Figure 3.5: Influencée of ehangee in PjOg and P ^ . (R,E)02 (open eymbole) 
and (R,E)C02 (filled eymbole) were obtained in a lung model with tuo дав 
exohanging oompavtmente fvom whioh one with a high V/Q vatio. 
Fiffuve 3.5a ьив obtained with: (I), PjOg = 147 mmHg and P-Og = 30 mmHg. 
Figuve 3.5b wae obtained with: (II), PjOg ; 100 mnHg, f^j = 25 jmHg 
(oivalee) and (III), Pjö^  =200 mmHg, PjO^  = 5 mmHg (equavee). Dashed 
linee give the ideal alveolav linee fov oonditione I and II. Daeh-dotted 
line in Figuve 3.5b aoweeponde to condition III. Fuvthev input data ave 
given in Table 3.III. 
Vi/Qi V2/Q2 PjOj p-02 Pa02 Rß AaDO Raü,02 aADC02 aAD'COj 
mmHg mmHg mmHg mmHg mmHg mmHg 
I 3.6 0.4 147 30 63.1 0.774 24.79 5.58 0.67 0.64 
II 4.5 0.5 100 15 32.3 0.87 16.36 12.03 1.82 1.76 
III 9 1 100 5 38.3 0.897 14.04 8.39 1.34 1.28 
Table 3.III: Input data and derived variables of the simulations shown in 
Figure 3.5a (I) and Figure 3.5b (II and III). Additional input data 
which were equal for all three simulations are: 
ц/ ,!, - 0.2; ν,/ν,ρ -
 2/ т - 0.4; 'Q^/QT - 0.1; Qj/ûj, - 0.9; 
P^COj - 50 mmHg. 
3-10 
This shift leads to a decrease in the difference, AaD0 2 -AaD'C^ as can be 
obtained from Table Э.ІІІ. 
In terms of ideal alveolar air the decreased difference, AaDO, - AaD'O,, 
would lead to the conclusion that the AaD0 2 is little influenced by the 
nonlinearity of the dissociation curve. This conclusion can be falsified 
for our simulations with the following two arguments: 
a) The small influence of the nonlinearity of the dissociation curve 
implies a location of the ideal alveolar line with two intersects with 
the (R,E) curve of the generating model as illustrated in Figures 3.1a 
and 3.1b for gases with λ / f(Ρ). 
Р|02-100ттНд Ρ- СОг-аО mm Hg 
Vj/Qj*-O05 *-αΐΟ •-•45*-И90 
2.0 
1.0 
0.0 
I loe *со
г 
о о 
D О 
D
 α о 
Ру О, mm Hg 
— ι 1 1 1 τ-
Ο 20 40 
2.0 
1.0. 
0.0 
* * О
г 
d о 
Ι а о 
1
 »а о 
РуОг mmHg 
20 40 
Figure 3.6: Variation in effective λ = (Cj - C^)/(Fj - F^} for oxygen and. 
aarbon dioxide αβ α function of P^ Og fov different xxiluee of VJ/QJ. 
PjOg ωαβ aeeumed 100 mmHg and PyCOg ιύαβ aeeumed 50 mmHg. Sote the 
logarithmio eoale fov *<702. At Pjö2 = 5 mmHg thie reeulte in a fourteen 
• · · · 
fold inereaee in the effective ^C02 between the Vj/Qj =4.5 and VJ/QJ -
0.5. 
b) The variation in the effective blood-gas partition coefficient for the 
two gas exchanging compartments of the generating model for oxygen as 
well as carbon dioxide increases at decreased values of Ру02· 
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This le shown in Figure 3.6 where, for different values of V/ß, the 
effective λ (λ - (с.» - C-)/(Fa - F^)) is shown as a function of Ργθ2 with 
both Pj02 and Ру с 02 constant· The values at Р^02 " 1 5 mmHg, VJ/QJ ·> 4.5 
and 0.5 and the values at P^C^ - 5 mmHg, VJ/Q-I » 9.0 and 1.0, correspond 
to simulations II and III, respectively, which were used in Figure 3.5b. 
The observed variation is in disagreement with the conclusion that the 
AaDOj is little influenced by the nonlinearity of the dissociation 
curve. 
The mutual influence of the Oj and CO2 partial pressures on the disso­
ciation curves is reflected in the increase in effective λ for carbon 
dioxide with decreasing Pv02' representing the "Haldane effect" and the 
concomitant changes in effective λ for oxygen. For the most extreme case 
shown in Figure 3.6, where ^^2 " ^ пичНд an<î v/ß ~ 0.5, the calculated 
compartmental pressure of CO2 was 49.68 mmHg with P^ - 50.00 mmHg. The 
"Haldane effect" is effected by the factor 0.017(u/(1 + u)) in eq (3.5). 
On the other hand the high partial pressure of compartmental CO2 lowers y 
in eq (3.7), thus yielding the "Bohr effect". 
The results for the effective λ of CO2 show that the partition coefficient 
varies considerably with the V/Q ratio and the partial pressure of oxygen. 
In the extreme situation that Ру02 " 5 mmHg the effective XCC^ shows a 
fourteen fold increase between the two compartments with V/Q -4.5 and 
V/¿ - 0.5. 
3.4 DISCUSSION 
Figure 3.1 shows the characteristics of the ideal alveolar air concept in 
an inhomogeneous lung for gases which obey Henry's law. In the calculation 
of AaD, we have always used the ideal alveolar pressure which follows frcxn 
the ideal alveolar ventilation. This convention is in agreement with the 
AaD derived from data obtained in vivo. However, this convention is often 
not obeyed in model simulations as published, e.g., by Farhi and Rahn 
(1955) and Piiper (1961). In those studies, the mean alveolar partial 
pressure is obtained as the weighted mean of the compartmental partial 
pressures. The resulting AaD differs from eq (3.1), since the factor, 
Vij/ ді, is replaced by Vcp/EjVj, where Σ-jVj is the summation of the ven­
tilation to all gas exchanging compartments· The result is an overestima-
tion of AaD because E-IVJ always exceeds д^. The effect is well illustrated 
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by Piiper (1961) who concluded that, in the limiting case of Dft/Q » " and 
one of two alveolar compartments being ventilated but not perfused, this 
alveolar dead space contributed 9 mmHg to the AaDC^· With the convention 
used in this Chapter the alveolar dead space ventilation would have been 
added to the model V D to yield V D i. The above-mentioned discrepancy is 
characteristic for the incompatibility of differently defined dead space 
fractions. This was also emphasized by showing the influence on the esti­
mated apparent shunt in the conventional calculation of PA, using the phy­
siological dead space of the gas with the highest blood-gas partition 
coefficient in Figure 3.2. We will return to this aspect of incompatibility 
of differently defined dead space fractions in Chapters 6,7 and 8. 
Introduction of nonlinear dissociation curves adds an extra complication to 
the interpretation of gas exchange across the respiratory system. We have 
used the dissociation curves described by Kinne and Seagrave (1974). These 
curves were compared with the dissociation curves given by Kelman (1966, 
1967) which agreed well in the normal ranges of PQ, and PQO0· The disso­
ciation curves of Kinne and Seagrave gave a better description of the oxy­
gen dissociation curve at low PQ,· The simpler structure of the equations 
of Kinne and Seagrave allows an easier understanding of the mutual interac­
tion of Ρ
θ 2 and P C 0 2. 
The equations describing the concentrating effect of oxygen and the 
diluting effect of carbon dioxide and water vapor as given by Farhi and 
Olszowka (196Θ) were not entered in our computations. 
With nitrogen as a carrier gas these effects are small and would have added 
little to the understanding of the investigated problems. 
Our simulations differ from the classic study of West (1969/1970) on the 
influence of the dissociation curve on gas transfer in that West studied 
continuous unimodal distributions whereas we studied bimodal discrete 
distributions. Turek and Kreuzer (1981) studied the influence of changes in 
CO2 on the oxygen gas transfer whereas we studied the influence of changes 
in P1O2 and Pç02 with constant P-CO2· The results reported by West 
(1969/70) that inhomogeneity equally affects the gas transfer for carbon 
dioxide and oxygen was confirmed in the simulations with a high V/Q com-
partment. However, in the presence of a shunt or a low V/Q compartment the 
(R,E)02 point showed a drastic shift while the (R,E)C02 point was virtually 
located on the curve obtained for gases which obey Henry's law. 
This discrepancy is probably mainly semantic and results from a different 
use of the term gas transfer. The addition of shunt per se as shown in 
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Figure З.ЭЬ is illustrative for this. The shift in the (R,E)02 point in 
Figure 3.3b is due entirely to the nonlinearity of the dissociation curve, 
resulting in a disproportionate decrease in P
a
02· The excretion value and 
hence the gas transport by ventilation was not altered. It follows from the 
mass balance that the mass transport by perfusion was also not altered. It 
is therefore not the impaired gas transfer in the lung but the lowered 
drive for oxygen transport by diffusion in the different tissues of the 
body which is responsible for the hypoxic situation of the system. 
It was shown that the ideal alveolar air concept gives rise to a misinter­
pretation of the apparent difference in CO2 and O2 transfer. Despite the 
presence of a clear shift in the (R,E)C02 point resulting from the nonli­
nearity of the dissociation curve, this point was always located on the 
ideal alveolar line. This leads to the spurious suggestion that 
CO2 transfer can be described by a blood-gas partition coefficient which Is 
independent of the partial pressure. The large shift in the ideal alveolar 
line in the simulations with lowered P j ^ and P^C^ shown in Figure 3.5b 
further illustrates the limitations in interpreting the gas transfer of 
O2 and CO2 with the ideal alveolar concept. The decreased difference, 
AaD02 -AaD'C^fin situations II and III as compared with situation I suggests 
a gas exchange situation in the lung with moderate inhomogeneity but a con­
siderable true shunt· 
However, the data were generated in a model with two gas exchanging com­
partments one of which had a high V/Q ratio. The large changes in the 
effective λ in these simulations suggest that the "Bohr effect" and the 
"Haldane effect" are the main causes for this misinterpretation. 
CONCLUSIONS 
Data generated with a parallel co-current model were interpreted in terms 
of the "ideal alveolar" concept. It was shown that for gases which obey 
Henry's law the estimated parameters depend on the ratio of the blood-gas 
partition coefficients of the two gases and the overall ventilation-
perfusion ratio. The error in the estimated parameters due to the clinical 
simplification of the estimation procedure using the physiological dead 
space was discussed. Simulations applying the non-linear dissociations cur­
ves of oxygen and carbon dioxide showed the influence of the type of inho­
mogeneity of the generating model and the choice of the initial partial 
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pressures of oxygen on the estimated parameters· The conclusion frem the 
estimated parameters that carbon dioxide acted as if the blood-gas par­
tition coefficient was constant was shown to be incorrect. Especially under 
hypoxic conditions we found the description with the "ideal alveolar" con­
cept unsatisfactory since the descriptive function of the ideal alveolar 
concept had no point in common with the descriptive function of the 
generating model. The "Haldane effect" under these hypoxic conditions 
resulted in a fourteen fold ratio in the λ of <Χ>2 between the two alveolar 
compartments of the generating model. 
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4. THE MORPHOMETRIC MODEL WITH TIDAL BREATHING 
A morphometric model has been used to simulate gas exchange across the 
respiratory system. Originally, the model was developed to simulate washout 
of gases which do not dissolve in blood. It was shown by Luijendijk et al. 
(19Θ0) that asymmetric branching patterns in combination with diffusive gas 
transport sufficed to generate realistic slopes in the alveolar plateau. 
Asynchronous anptying of differently ventilated lung regions was not an 
essential condition (Engel et al. 1979). The model with asymmetric 
branching pattern was modified by adding lung tissue and lung perfusion in 
order to simulate the washout of gases dissolved in blood. 
The simulations of gas exchange were carried out for the steady-state 
situation. The simulation of washout of gases dissolved in blood is com­
patible with the in vivo condition of carbon dioxide excretion and with the 
experimental condition introduced by Wagner et al. (1974) who used the 
infusion of six inert gases dissolved in saline covering a large range of 
blood-gas partition coefficients. The method of Wagner was originally 
introduced to estimate the ventilation-perfusion ratio distribution. 
4.1 MORPHOMETRIC DATA 
The dimensions of the lung model were based on the morphometric data of 
Weibel (1963), Hansen and Ampaya (1975) and Hansen et al. (1975). The lung 
was divided into 26 generations. According to Weibel (1963), we assumed a 
dichotomous branching throughout the first 15 generations· The dimensions 
of the first 10 generations were taken from Weibel (1963) and are given in 
Table 4.1. The dimensions of generations 11-14 were adapted to allow a 
smooth transition to the data of Hansen and Ampaya which formed the basis 
of the dimensions of generations 15-26. The dimensions of generations 11-26 
are given in Table 4.II. The total lung capacity according to the data from 
Tables 4.1 and 4.II is 5.45 1. 
The dimensions of the proximal generations up to generation 10 were assumed 
to be constant during the breathing cycle and constituted the anatomical 
dead space. 
Generations 11-26 were simulated as alveolated ducts, with variations in 
dimensions during the breathing cycle. In these alveolar ducts successive 
compartments were simulated by the introduction of 'septa'. 
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Generation number Number of tubes 
per generation 
Length of generation 
cm 
Cross-section 
per generation 
Volume per generation 
cm
3 
Mouth 
00 
Trachea 
0 
Bronchi 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
4 
8 
16 
32 
64 
128 
256 
512 
1,024 
12 
4 76 
190 
0 76 
1 27 
107 
0 9 0 
0 76 
0 6 4 
0 54 
0 46 
2 54 
2 34 
2 16 
197 
2 54 
3 08 
3 94 
5 32 
6 96 
9 54 
13 59 
30 5 
11 25 
3 97 
1 52 
346 
3 30 
3 53 
3 85 
4 45 
5 17 
6 21 
Table 4.1: Morphometric data of the indlstenaible part of human airways, 
based on Weibel'в Model A· Cumulative volume amounts to 117.2 cm (Frcm 
Luijendijk et al. 1980). 
Generation number 
Bronchioli 
11 
12 
13 
14 
ТВ 15 
Resp bronchioli 
16 
17 
18 
Alveolar ducts 
19 
20 
21 
22 
23 
24 
25 
26 
Number of tubes 
per generation 
2,048 
4,096 
8,192 
16,384 
32,768 
2 x 2 " 
4 x 2 " 
8 x 2 " 
1 9 x 2 " 
4 5 x 2 " 
1 0 8 x 2 " 
2 5 4 x 2 " 
3 7 4 x " 
3 6 6 x 2 " 
1 4 6 x 2 " 
5 8 x 2 " 
Length of generation 
0 35 
0 30 
0 25 
0 21 
0 12 
0 097 
0 097 
0 088 
0 066 
0 051 
0 058 
0 043 
0 041 
0 030 
0 028 
0 022 
Cross-section 
A 
cm
2 
91 
186 
410 
738 
1,970 
4,461 
10,450 
20,120 
30 800 
46,100 
16,850 
9,480 
per generation 
S 
cm* 
19 8 
29 7 
443 
686 
79 4 
128 
229 
484 
882 
1,988 
5 240 
7,690 
9,790 
6,170 
2,060 
658 
Volume per 
generation 
cm
1 
7 0 
8 8 
110 
142 
10 6 
180 
39 8 
649 
130 
228 
606 
865 
1,263 
1,383 
472 
209 
Table 4.II: Morhometric data of the distensible part of human lung, based 
on Hansen and Ampa^a's data for the acinus. The data of the 11th up to 
14th generation were obtained by interpolation between Weibel'β data 
(Table 4.1) and Hansen and Amapaya's data for the acinus. Cumulative 
volume of the distensible part amounts to 5330.3 ml. S » cross-section 
of bronchiole or duct per generation; A - cross section of alveolated 
duct per generation; ТВ •· terminal bronchiolus (From Luijendijk et al. 
(1980). 
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Hence, along the axis of the generations of the acinus segments with a 
larger cross section are interspaced by a septum with a smaller cross sec­
tion as shown in Figure 4.1. 
compartment 
f \ 
ΔΠ-: r дп^ r 
Δη-ι Д[П2 Δηΐ' Δ η ^ 
ι Ι ι ^ * 
Figure 4.1: Sahematia dvaaing of alveolar duate. The epaae between tao 
septa ie divided into two aompartmente. Thue the orifice of a septum 
and the arose sectional area at the midpoint between too septa alter-
natingly constitute the cross sectional area S(t) in eq 4.1. 
ài = length of a compartment 
Δσ <· concentration difference between two compartments 
V = flow 
Δηΐ = ¿wotint of tracer gas entering the compartment across the first 
imaginary boundary surface 
tog = amount of tracer gas leaving the compartment across the second 
imaginary boundary surface 
ûnj = amount of tracer gas entering the compartment across the 
alveolar-capillary membrane 
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4.2 NUMERICAL PROCEDURES 
The model was subdivided along its axis into 341 compartments, 235 compart­
ments for the proximal generations up to generation 10 and 106 compartments 
for generations 11-26. The compartments of the proximal generations (also 
called the indistensible region) have the same volume of about 0.5 ml. In 
generations 11-26 (also called the distensible region), each space between 
two septa was subdivided into two equal compartments. Hence, the orifice of 
the septum and the cross section at the midpoint between two septa form the 
boundaries of each compartment. Within each compartment we assume radial 
homogeneity of gas composition. The mass transport across the boundary sur­
face during a small time period, An/At, can be described by Pick's dif­
fusion equation to which a convectivo term has been added, yielding: 
An/At - -DS(t) ДС/ΔΙ + V(t)C(t) (4.1) 
where: D - diffusion coefficient in the gas phase. (L2T~1) 
S(t) " cross sectional area of the boundary surface between 
о 
two successive compartments. (L ) 
C(t) - concentration of the gas under investigation. (ML-3) 
ДС - concentration difference between two successive 
compartments. 
Д1 - axial length of a compartment. 
V(t) - convective flow of the gas mixture across the 
boundary surface between two successive compartments. (L3T"1) 
In eq (4.1) the axial direction of Дс/Д1 is taken in the same direction as 
V(t). For each compartment, the transport equation was applied to both 
boundary surfaces after correcting the flow V(t) for volume change in the 
compartment. To obtain the increase in the concentration in each compart­
ment during the time interval t, the sum of the mass transport across both 
surfaces, Δη^ + Δ^, is then divided by the momentary volume, V(t+At), of 
the corresponding compartment. Hence the concentration at time t-t-¿t 
becomes i 
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C(t+At) - [V(t).C(t) + Δη·) + Δη2] / V(t+At) (4.2) 
In eq (4.2) the contribution of the flux to Δη is taken positive at the 
boundary face where the flux enters the compartment and negative at the 
boundary face where the flux leaves the compartment. 
We assumed an isotropic distension and recoil (Δν/V » constant) of the 
entire distal region of the lung from generation 11. 
In the compartments of the proximal generations during inspiration and 
expiration, the convective flows are so high that the diffusion term in eq 
(4.1) can be neglected. Convective gas mixing in this region was calculated 
by means of a mixing factor which describes the fraction of the content of 
the compartment that is exchanged with each of the two adjacent compart­
ments. This exchange was computed each time that the compartmental volume 
was replaced during inspiration or expiration. The adjusted concentration 
profile in the indistensible lung region was then moved by one compartment 
in the direction of flow. № e resulting axial dispersion can also be 
described by a Gaussian distribution as proposed by Scherer et al. (1975) 
and Ultman and Thomas (1979). The applied mixing factor of (0.25) yields a 
width corresponding to a volume of approximately 25 ml. This small disper­
sion is independent of the molecular diffusion coefficient and will there­
fore not influence the diffusion dependent behavior of the model· 
Asymmetric branching model 
In developing an asymmetric branching lung model/ we used a lung model con­
sisting of three units as shown in Figure 4.2. The basic geometric values 
of the proximal unit up to the generation of division of the two distal 
units were those in Tables 4.1 and 4.II. One of the two parallel units, the 
nonreduced unit, contained all generations from the generation of division 
up to and including generation 26. The geometric values for the volumes and 
cross-sectional areas were to be half the values given in Tables 4.1 and 
4.II. The remaining parallel unit, the reduced unit, ended before the 26th 
generation. Itile is in agreement with the observations of Hansen et al. 
(1975), who reported alveolar sacs originating from the walls of each 
generation of the acinus as well as incomplete branching patterns ending 
before the 26th generation. This incomplete development of branching is 
also evident from the values for cross sectional area (A) in Table 4.II 
showing an approximately twofold increase per generation up to the 22nd 
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Figure 4.2: The asymmetrie model with a пошаііу developed eeation 
(including generation 26) and a reduced eeation. The dimensione of 
generations 19, 20 and 21 are identioal for both sections. 
generation· In the remaining four distal generations, a smaller Increase 
and even a decrease was observed. The values for the volumes and the cross 
sectional areas of each generation in the reduced unit were then taken to 
be half the values given in Tables 4.1 and 4.II. As a result of this proce­
dure, the total volume of the asymmetric lung model was decreased to V
r
 and 
we finally recalculated all dimensions to a lung model with a total lung 
capacity of 6.5 liters by multiplying the linear dimensions, cross sections 
and volumes of the basic data by (6.5/V
r
) 1/ 3, {б.5/
 г
) 2 / 3 and (6.5/V
r
), 
respectively. It should be realized that, by using this scaling procedure, 
including the indistensible part of the lung, the volume of the indisten-
sible region of the lung also increases. Nearly all simulations used in 
Chapters 5 and 6 were performed in a model with generation 19 as the 
generation of division and generation 21 as the last in the reduced unit. 
As a result of scaling the volume, the indistensible region or anatomical 
dead space increased to 228 ml. The choice of the generation of division 
was based on the simulations described by Luijendijk et al. (1980) which 
showed that realistic slopes in the alveolar plateau for He and SF6 were 
obtained with this asymmetry. Adhering to this specific asymmetry allowed 
us to investigate the predictive value of this model in gas transfer 
situations for which it was not developed originally as will be shown in 
Chapters 5 and 6. 
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λ different choice for the generation of division had only a moderate quan­
titative influence on the results as will be shown in Table 6.1 of Chapter 
6· It will be further shown there that the characteristic behavior is not 
changed by the different choices for the generation of division· 
Addition of blood flow, blood volume and tissue volume 
To simulate the exchange of gases dissolved in blood, an additional 
equation had to be introduced. We assumed instantaneous equilibration bet­
ween the blood entering the compartment and the gas phase of the compart­
ment in accordance with the radial homogeneity within the gas phase of each 
compartment in the distensible lung region. The gas transport from pulmo­
nary blood to pulmonary air in each of the 106 series compartments is given 
by: 
Дпз - à ( C ^ C ( t m t (4.3) 
where: Arij - mass transport from blood to gas phase 
Q - compartmental perfusion 
C~ » concentration of the tracer gas in mixed venous blood 
λ =· blood gas partition coefficient of the tracer gas 
C(t) •> compartmental concentration (air phase). 
The concentration in a compartment after the time interval àt is obtained 
by summation of the results of eq (4.1) for both imaginary dividing sur-
faces belonging to the compartment and the result of eq (4.3), thus 
extending eq (4.2) to: 
C(t-tót) - [V(t).C(t) + Δη·) + Δη2 + Дпз] / V(t+At) (4.4) 
Using Cç in eq (4.3) implies that blood entering the respiratory system is 
divided in a parallel way over the compartments constituting the disten-
sible region of the lung with serial distribution of ventilation, as shown 
in Figure 4.3. In our simulations we further assumed that the ratio Q/V(t) 
was the same for each compartment in the distensible lung region which 
implies a homogeneous distribution of the perfusion over the alveolo-
capillary membrane. 
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Figure 4.3: Proposed model for ventilation and perfusion distribution along 
the alveolar duats: Parallel distribution for the perfusion and series 
distribution for the ventilation (Free from E.R. Weibel (1981)). 
Depending on the choice of V(t) in eq (4.4), it is possible to investigate 
the contribution of the buffering capacity of lung tissue and blood volume 
within the compartment. Taking V(t) as the volume of the gas phase of the 
compartment we simulate a tissue-free model. However, a virtual volume can 
be added to the volume to simulate the buffering capacity of tissue and 
blood volume. For ease of calculation we have simulated the virtual volume 
by multiplying the tissue volume and blood volume contained in each com­
partment by the blood-gas partition coefficient. Thus, we assumed a tissue-
gas partition coefficient equal to the blood-gas partition coefficient and 
absence of diffusion limitation over the dividing surface between gas and 
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blood. Hence, diffusion limitation in our model means diffusion in the gas 
phase only, unless otherwise stated. The total volume of the alveolo-
capillary membrane and the capillary blood is about 200 ml (Weibel, 1963). 
This tissue and blood volume was equally distributed over the compartments 
in the distensible lung region in relation to the volume of each compart­
ment. 
The buffering effect of the tissue in the conductive airways has not been 
entered into the model for the following reasons. The total surface of the 
conductive airways, including the mouth, amounts to about 750 cm^, which 
is much less than the surface of the alveolo-capillary membrane of about 80 
m
2
. Furthermore, the walls of the conductive airways are much thicker than 
the alveolo-capillary membrane. This allows propagation of the partial 
pressure fluctuations into the tissue where the amplitude of these fluc­
tuations will decrease with increasing distance from the surface. For this 
reason, it is very difficult to compute an effective tissue volume to 
describe the exchange of a tracer gas between the lumina and the wall of 
these conductive airways unless sinusoidal fluctuations occur. For these 
sinusoidal fluctuations, one can calculate, as described by Webster (1955), 
the distance from the surface where the amplitude of the fluctuations has 
decreased by a factor of 1/e(~ 1/2.718). This is called the penetration 
depth, which is equal to (D/IIf)1'2. The diffusivity (D) in aqueous media of 
gases used in this investigation is about 10~5 cm2 sec - 1 according to Weast 
(1975), and the lowest respiratory frequency, f, used in this paper equals 
0.25 sec" which yields a penetration depth of 36 μ. The above mentioned 
effective volume then equals the surface of the conductive airways (ca 750 
cm
2) times the penetration depth, divided by (2) ' yielding a volume of 
about 2 ml. 
This volume is about 100 times smaller than the total volume of the 
alveolo-capillary membrane and the pulmonary capillary blood. Finally the 
choice of the momentary concentration at the surface of the lumina and the 
epithelium is difficult, since the radial homogeneity assumed within the 
acinus is certainly not present in the larger airways. Hence, besides the 
fact that the influence seems to be small, we consider the assumptions 
necessary to account for the contribution of the buffering capacity of the 
tissue in the upper airways as arbitrary. 
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Establishment of steady-state conditions 
Wagner et al· (1974) described an experimental technique for studying the 
elimination of foreign gases by a continuous intravenous infusion of a 
solution with six gases of widely varying blood-gas partition coefficients. 
The corresponding equilibrium values for excretion (Pg-Pj)(P"-Pj) and 
retention (P
a
-PI)(P^-Pj) in our simulations were calculated as follows. 
Calculations of the mean arterial partial pressure, Ρ , and mixed expired 
partial pressure, Pg, were carried out for five successive breathing cycles 
for a mixed venous partial pressure, P~, of the tracer gas equal to one 
(arbitrary units) and inspired partial pressure, Pj, equal to zero· 
The starting value for the partial pressure in the gas phase was estimated 
from the mixed venous partial pressure and the overall ventilation-
perfusion ratio. In the course of the first five breathing cycles, the 
arterial and mixed expiratory partial pressures approached their steady 
state values· The convergence of this procedure could be improved by using 
the boundary condition that excretion and retention values in the steady 
state have to obey the Pick equation of conservation of mass (see also 
Chapter 2). In this way, we obtained stable results for the arterial and 
mean expired partial pressures to at least four digits following the deci­
mal point. The results of the simulation of excretion and retention data 
will be discussed in Chapter 5. The same simulations also generated data 
for end-expiratory and mean-alveolar partial pressures which allowed a 
discussion of the behavior of Bohr dead space fractions ( P E ^ P S J / P E ' a n d 
end-expiratory to arterial partial pressure differences in Chapter 6· 
4.3 COMPARISON WITH OTHER NUMERICAL MODELS 
Models without perfusion: The sloping alveolar plateau. 
Horsfield and Curaming (1968) showed the impact of transit time and distri­
bution of gaseous interfaces on the shape of phase II in a simulation of 
the single breath nitrogen test. From their results they concluded that 
inhomogeneity due to stratification was dominant in the formation of a 
sloping alveolar plateau (phase III) in normal subjects breathing quietly. 
Working with a model, which allowed a simultaneous solution of convectivo 
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and diffusive gas transport, Paìva and associates investigated this problem 
in depth (Paiva, 1973; Lacquet et al., 1975; Paiva et al., 1976). 
They reached the conclusion that, in a symmetric branching lung model, the 
sloping alveolar plateau cannot be ascribed to stratified inhomogeneity 
alone· The symmetric lung model in the present investigation is very simi-
lar to the model used by Paiva and associates but differs by a tidal 
variation in alveolar lung volume and the inclusion of the conductive air-
ways in the lung model. These differences between the models did not alter 
the conclusion that the sloping alveolar plateau could not be ascribed to 
stratification alone (Luijendijk et al., 1980). 
Mon and Ultman (1976) were the first to indicate the impact of asymmetric 
branching on regional partial pressure differences. They suggested that 
these differences might be involved in the sloping alveolar plateau. Itie 
model of Mon and Ultman is based on a realistic anatomy of the branching 
pattern and a computer program based on random walk theory. Ліе influence 
of parallel inhomogeneity was investigated independently, by Engel et al· 
(1979); Paiva and Engel (1979) and Luijendijk et al. (1980). Engel et al. 
(1979) and Luijendijk et al. (1980) both reached the conclusion that an 
axisymmetric model with inhomogeneous ventilation at synchronous breathing 
did not generate the separation of alveolar slopes for gases with different 
diffusion coefficients. Engel et al. (1979) show that this separation can 
be obtained in the axisymmetric model with sequential emptying of the 
inhomogeneously ventilated lung regions. Luijendijk et al. (1980) proceeded 
however with the introduction of asymmetric branching an approach which was 
also followed by Paiva and Engel (1979). In the simulations of Luijendijk 
et al. (1980) the introduction of asymmentry yields a satisfactory separa­
tion of the alveolar slopes of He and SFg as where for Paiva and Engel 
(1979) the results are not conclusive. The deviation in the results shows 
the importance of how the asymmetry is introduced. Contrary to Luijendijk 
et al. (1980) who cuts off a distal portion of the reduced branch, Paiva 
and Engel (1979) introduced the asymmetry by decreasing all the dimensions 
in the reduced distal volume. Hence introducing asymmetry at the 19th 
generation by decreasing the volume of the reduced branch by a factor of 
(1/3), they decreased all dimensions in proportion to that factor resulting 
in a decrease in the length dimension of (1/3) ''3 - 0.69. As a result the 
convective velocity decreases with a factor 0.69 in the reduced branch in 
comparison with the velocity in the corresponding generation of the nonre-
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duced branch. For the asymmetry used in this investigation which follows 
the model of Luijendijk et al· (1980) asymmetry with generation 19 as 
generation of division (N) and the two branches ending with generation 21 
or 26, respectively, yields a ratio of 0.19 in the convective flow as can 
be easily checked from the volumes of both branches using Table 4.II. This 
implies 3.5 times more reduction in the flow velocity ratio than obtained 
by Paiva and Engel (1979). In the model of Paiva and Engel the surface area 
available for diffusion decreased by a factor of 0.48 and the total length 
of the unit is a factor of 1.3 larger then in the reduced branch described 
by Luijendijk et al. (1980). 
All factors mentioned decrease the effectiveness of the diffusive gas 
transport in the reduced branch of the asymmetric model of Paiva (1979). 
Thus we conclude that, in the simulations of Luijendijk et al. (1980), the 
backward diffusive gas transport during inspiration from the reduced unit 
into the compartment at the branching point where this gas is swept into 
the nonreduced branch is a much more important factor in the creation of 
parallel partial pressure differences than in the simulation by Paiva and 
Engel (1979). In our opinion the asymmetry obtained by cutting off a part 
of the distal volume follows the anatomical evidence of asymmetry more clo­
sely than a general decrease of all dimensions. Microscopic slices of the 
lung reveal a considerable uniformity in the dimensions of the alveolar 
ducts. Paiva and Engel (1981) and Engel and Paiva (1981) adopted the same 
approach and confirmed the results of Luijendijk et al. (1980) showing that 
asymmetric branching in a homogeneously ventilated and synchronously 
emptying lung allows the generation of slopes in the alveolar plateau for 
gases with different diffusivities as found in quietly breathing normal 
subjects. 
Recently Bowes et al. (1982), using a different mathematical approach and a 
much more complicated branching pattern, arrived at the same conclusion. 
Models with perfusion 
The first numerical morphometric lung model with perfusion was, to our 
knowledge, introduced by Pack et al. (1977) who assumed homogeneous per­
fusion distribution in a symmetric lung model. Introducing the dissociation 
curves of Oj and CO2, they described gas exchange of physiological gases 
only. Ліе additional complexities in the interpretation of the results due 
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to the introduction of the dissociation curve are discussed in Chapters 2 
and 3· This increased complexity was probably the reason why comparison of 
the two gases was not made to any depth. The important contribution of the 
paper of Pack et al. (1977) was a detailed discussion of the influence of 
the Taylor diffusion (1953) which was found to have little impact on the 
gas transport in the human lung. Nixon and Pack (1980) extended their model 
with a nonhomogeneous perfusion distribution. In this model blood is pre­
ferentially distributed to the proximal generations of the acinus. The only 
observations for such a distribution were the experiments of Wagner et al. 
(1967) using microspheres. In Chapter 6, we will discuss the possible 
significance of such distributions concerning in the interpretation of our 
results for gases with a constant blood-gas partition coefficient. Tissue 
and capillary blood volumes were not included in the model of Nixon and 
Pack (1980). 
CONCLUSIONS 
λ model of the lung has been described which closely follows the morpholo­
gical data of the human lung. The gas transport equations which are for­
mulated as difference equations, combine the effects of transport by bulk 
flow and the gas transport by diffusion in the gas phase. Breathing was 
simulated with inspiration and expiration by reversing the bulk flow direc­
tion in the airways. An asymmetric branching pattern of the airways was 
applied which previously has been shown to result in a diffusion dependent 
sloping of the alveolar plateau with homogeneous recoil of the distensible 
part of the lung during a simulated washout procedure. 
The addition of long tissue and lung perfusion allows the simulation of 
steady state gas transfer across the lung. 
Remark; It was shown by de Vries et al. (1982) that the introduction of 
lung perfusion became the main determinant for the sloping alveolar plateau 
in the steady state washout situation for gases with λ < 4. In many cases 
the asymmetry even decreases the effect of the continued gas exchange from 
blood to air. Maintaining however the original geometry used for gases 
which do not dissolve in blood as described by Luijendijk et al. (1980) 
underlines the predictive power of that model in situations for which it 
was not developed originally as described in Chapters 5 and 6. 
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5. GAS EXCHANGE IN THE MAMMALIAN LUNG. COMPARISION BETWEEN (R,E) DATA 
SIMULATED IN MODELS AND THOSE OBTAINED IN VIVO 
In this chapter we discuss the location of (R,E) pairs obtained from the 
model with tidal ventilation described in Chapter 4. The influence of dif­
ferent diffusion coefficients along with the influence of the buffering 
effects of alveolo-capillary membrane and capillary blood was investigated. 
Since the location of the calculated (R,E) pairs was incompatible with the 
parallel co-current system derived in Chapter 2, we compared the simulated 
results with data obtained in dogs by Dr. F.F.A. Hendriks of the Laboratory 
of Physiology, State University of Leiden, and with data obtained in human 
subjects by Dr. R. Dueck of the Department of Anesthesia, V.A. Hospital, 
San Diego, California. 
5.1 MODEL SIMULATIONS 
The following conditions were used for ventilation and lung perfusion: 
7.5 Imin"1» f - 15 min"1 
10.0 Imin-1; f - 20 min"1 
20.0 Imin"1; f - 30 min - 1 
where: Vip - expired volume per minute 
Q T - pulmonary perfusion per minute 
f - breathing frequency per minute 
The inspiratory and expiratory flows were taken to be equal and constant 
without smooth transitions or breath holdings between inspiration and 
expiration. Each inspiration started from functional residual capacity, 
which was taken to be 50 per cent of the total lung capacity of 6.5 liters. 
The following sets of combinations of blood-gas partition coefficients, λ, 
and diffusion coefficients, D, were selected for all conditions of ven­
tilation and perfusion: 
λ - 0.01; 0.2; 0.4; 0.7; 1.0; 1.5; 2.5; 5.0; 10.0; 30.0; 110.0 and 330.0 
D - 0.1; 0.22 and 0.5 cm2sec"1. 
These values correspond to hypothetical tracer gases. Actual values for D 
I: V T - 7.5 Imin
- 1; Qj, -
• « · 
II: V T - 20.0 Imin
 1; Op -
III: V T - 60.0 Imin
 1; Or -
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for some gasea often used in respiratory studies were published by Worth 
and Piiper (1978). In general, gases with a molecular weight exceeding one 
hundred (sulphur hexafluoride, halothane) have a D of approximately 0.1, 
gases with a molecular weight around forty (oxygen, carbon dioxide) have a 
D of approximately 0.22 and hydrogen and helium have a D close to 0.5. 
Additional simulations (IV) were carried out under breathing condition III 
to simulate hyperbaric situations with D - 0.01 and a simulation in which 
the volume of the alveolo-capillary membrane was omitted. A molecular dif­
fusion coefficent of 0.01 can be achieved for the physiological gases oxy­
gen and carbon dioxide when breathing air at twenty atmospheres or 
breathing a helium-oxygen mixture at around fifty atmospheres. 
RESULTS AND INTERPRETATION 
The results of the simulations under the described conditions I, II, III 
and IV are shown in Figure 5.1. 
Dependency of (R,E) data on D. 
In Figure 5.1, panels I, II and III, three curves connect (R,E) pairs 
obtained with the D values of 0.5, 0.22 and 0.1, respectively. According to 
this sequence of D, R increases and E decreases along the same diagonal 
line, eg (2.6). Adaro and Farhi (1971) showed that the conductance G » 
EVT/(RT), eq (2.2), for gases with the same λ but different D provided a 
correct estimate of the influence of the diffusion even in the presence of 
tf/Ö inhomogeneity. Яіеу chose the gases acetylene (M - 26, λ - 0.973; 
Hlastala et al. 1982) and freon (M - 85.5, λ - 0.942; Hlastala et al. 1982), 
and reported a decrease of 8 per cent in the conductance of freon as com­
pared to acetylene. Our simulation results agree well with these in vivo 
data if we compare the E values with λ - 1 for D - 0.22 and 0.1, which 
yield fractions (E(0.1)/E(0.22)) of 0.896, 0.955 and 0.984 for the con­
ditions I, II and III, respectively. Since the experiments of Adaro and 
Farhi were performed in anesthetized dogs it follows that conditions I and 
II are representative, yielding a decrease in conductance of 10.4 per cent 
and 4.5 per cent, respectively. 
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Figure 5.1: Simulated (R,E) data as a funation of λ and D. Bxnele I, II and 
III a arre sponde to the oonditione deeavibed in the text. Иге three aw-
Oee in eaah panel aoweepond to Ό = 0.5 (heavy line), Ό = 0.22 ( thin 
line) and Ό = 0.1 (airóles). Vanel IV aorresponde to condition III with 
D = 0.1 (airóles) and D « 0.01 (dote). Dashed curve in panel IV was 
obtained after amission of the alveolo-aapillary membrane with D « 0.1. 
Dashed lines through the point (ϋ,Ε) = (1,0) correspond to E =(XQf/fyf) 
(1 - R) for \ " 1.0 and λ = 10 (ether), respectively. Ihe point vir­
tually located on the ordinate, R = 1, corresponds to \ = 330 (acetone). 
Hlastala et al. (1982), using the same gases In anesthetized dogs, used the 
change In physiological dead space fraction to study the directional 
Influence of the diffusion. They reported an overall average Vp/Vrp of 0.543 
and 0.568 for acetylene and freon, respectively, which correspond to a 
ratio E/R of 0.457 and 0.432, respectively. This results in a decrease In 
apparent alveolar ventilation by a factor of 0.946. In our simulations, 
using λ - 1 and D « 0.22 and 0.1, we again find decrease in apparent 
alveolar ventilation of 0.862 and 0.909 for conditions I and II respec-
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tively, which are slightly more marked than the -3ata given by Hlaatala. 
Hlastala et al. (1982) aleo used their acetylene and freon data to deter­
mine the effective diffusion conductance for oxygen. They assumed that 
eq (2.16) holds, i.e.,: Е
д
 » R(1/(1 + UA/(DA)). Since E - (VA/VT)EA, we can 
rewrite this equation to R/E » (Фц/ дИІ +
 д
/(0А) ). In the poolsystem to 
which this formulation refers it is furthermore supposed that the per­
meability D and the diffusion coefficient D are linearly related. Thus, 
plotting R/E as a function of 1/D would yield a straight line if eq (2.16) 
holds. Figure 5.2a shows the results of Η/Ε (λ - 0.01) as a function of 1/D 
for conditions I, II and III, respectively. In Figure 5.2b, the same Д/Е 
data are plotted as a function of D~1/2
 w
ith an additional point for D · 
0.01. The points in Figure 5.2a do not form a straight line from which we 
conclude that, at least for our model simulations, eq (2.16) gives an 
incorrect description of the diffusion dependency. Using D - 1 ' 2 as the 
abscissa yields apparently straight lines. 
— ^ D - 1 — * - D"0·5 
Figure 5.2: R/E ae a funation of TT1, (a), ani IT0'5 (Ъ) for a hypotheti-
oal trvuser дав with λ = 0.01. The three ourvee eorreepond to condition I 
(dote), Π (trianglee) and III (airolee). Symbole ση the ordinate, ІГ0'5=0 
in Figure 5.2b, indicate the value of R/E which follows from the anato­
mical dead epace and tidal volume of the generating model. 
5-4 
From the intersect with the ordinate (D~'/2 „ g) we obtain an estimate for 
the value of V T/V A. Using this estimated value of т / д, we calculated the 
corresponding dead space volumes to be 214 cm^, 219 cm3 and 230 cm 3 for 
conditions I/ II and III, respectively. These data are surprisingly close 
to the anatomical dead space of the generated model (228 cm 3). It should be 
realized, however, that plotting R/E as a function of D~1/2 ¿ 8 a purely 
heuristic approach and that no rationale exists leading to such a rela-
tionship from the model equations· 
For carbon dioxide, Saltzman et al. (1971) observed a high correlation be-
tween the arterial partial pressure, PgCOj, and the ambient pressure during 
moderate hyperbaric conditions ranging from 0 to 7 atra. This observation is 
in agreement with the increase in the retention with decreasing diffusion 
coefficient which follows from our model simulations. 
Chouteau (1969) studied the transport of oxygen by submitting goats to very 
high ambient pressures of about 50 atm while they breathed a helium-oxygen 
mixture with an oxygen partial pressure of about ISO mmHg (normal value at 
sea level). 
Under these conditions, D will be about 0.01 for oxygen. Chouteau clearly 
observed signs of hypoxia in these goats, which disappeared after 
increasing the PjC^ to 190 mmHg. The hypoxic signs occurred at lower 
ambient pressures when the helium-oxygen mixture was replaced by one with a 
higher mean nolecular weight. This was the reason for our simulating the 
gas exchange for D » 0.01 as shown in Figure 5.1, IV. The decrease in 
pulmonary gas transport conductance to be expected from the simulated 
excretion data after decreasing D from 0.22 to 0.01 for carbon dioxide 
(λ =· ca· 5) and oxygen (λ » ca. 0.7) yields a factor of 0.700 and 0.646, 
respectively. The considerably decreased gas transport conductance of the 
lung (for COj even more than for O2) will cause an arterial hypercapnia, 
which will need an elevated ventilation to control the P
a
C02 and to improve 
the gas transport conductance. The increase in ventilation needed for com­
pensation can be best judged from the change in apparent alveolar ven­
tilation which decreased by a factor of 0.65 at constant P
a
C02 and РуСС^ 
(R - constant). In order to maintain a normal Pa c o2 level we will thus have 
to increase the ventilation by a factor of 1.53. From our simulations and 
the experimental results of Saltzman et al. and Chouteau we therefore 
conclude that the decreased gas transport resulting from diffusion limita­
tion leads to serious risks for workers operating in deep water. 
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Dependency on λ. 
All curves in Figure 5.1, panels I, II and III, show a convex curvature 
with negative values of dE/dR for (λ> 10), which was shown in Chapter 2 to 
be incompatible with any of the descriptive models with continuous ven­
tilation. In Figure 5.1, IV, two curves which show a strictly concave beha­
vior are shown. The curve indicated by solid circles corresponds to 
D - 0.01 simulating hyperbaric conditions, whereas the dashed curve was 
obtained for D - 0.1 after amission of the alveolo-capillary membrane 
volume. 
The data of these two curves can be well fitted to a model with two 
parallel compartments and dead space ventilation with the following 
results : 
D - 0.01: V T/Q T - 3.0; VQ/VT - 0.392; V.,/^ -0.214, V ^ Q , - 16.5; 
V 2/V T -0.394, V2/Q2 - 1.23 
D - 0.1, tissue-free: ц/ ,,. - 0.116; ^/
 т
 -0.246; V-j/ßi - 22.7; 
2/
 т
 -0.638, V2/Q2 " ^ 9 7 
The estimated dead space fraction of the tissue-free simulation in a model 
with parallel inhomogeneity corresponds to a dead space volume of 232 cm 
which is very close to the anatomical dead space volume of the generating 
model (228 cm 3). Comparison of the two curves in Figure 5.1, IV, obtained 
with D - 0.1 shows that the interaction with the alveolo-capillary membrane 
is decisive for the convex curvatures depicted in Figure 5.1, panels I, II 
and III. The concave curve for D - 0.01 in Figure 5.1, IV, shows that the 
convex curvature due to the interaction with the alveolo-capillary membrane 
can be reversed by other gas transport determining factors which result 
from diffusion limitation. Figure 5.3 elucidates these factors by depicting 
the partial pressure distribution in the model at the beginning of expira­
tion. The slow increase in partial pressure between generations 10 and 18 
indicates the excretion of gas from the lung perfusion into the pulmonary 
air which was carried to more distal compartments by the large bulk flow as 
in a cross-current arrangement. Around generation 20 the transition zone is 
located where convective transport and backward diffusive transport, 
eg (4.1), approximately balance. The partial pressure distribution obtained 
with D - 0.01 especially shows the proximal shift of the transition zone in 
the reduced unit in comparison with the nonreduced unit- The increased par­
tial pressure in generation 19 of the reduced unit shows that even for D -
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Figure 5.3: Normalized partial preaeure dietribution of α hypothetiaal 
tracer дав tfith λ = 0.7 at the half-way point of eaoh generation vereue 
the generation number (j) at the beginning of expiration. The curvee 
were obtained for condition III wLth Ό = 0.1, (a), and Ό » 0.01 (Ъ). The 
aeteriek (*) indieatee the nonredueed unit. The double aeteriek indiaa-
tee the reduced unit. Hie arrow pointe to the generation of division. 
The projection of the point Pj/P(26) = 0.5 on the dbsoiesa illuetratee the 
ehift in the location of the tvaneition zone. 
0.01 the transport by diffusion exceeds the counter directed transport by 
the bulk flow. This gastransport by diffusion in the reduced branch reaches 
the compartment at the branching point in generation 1Θ where it is swept 
into the nonredueed branch by the bulk flow. 
Also apparent is the distal shift of the point Pj/P(26) ™ 0 · ^ when com­
paring D - 0.1 with D - 0.01. This point is shifted for the nonredueed unit 
from generation 20 to generation 22 for D - 0.1 and 0.01, respectively. 
This shift relates to a considerable pulmonary volume and hence pulmonary 
perfusion since Q/V was assumed homogeneous. 
Thus a considerable fraction of the pulmonary perfusion leaves the lung at 
extremely low partial pressures during inspiration. This results in a 
lowered arterial partial pressure or, in terms of a parallel compartment 
model, a lung compartment with high V/Q ratio. The increase in dE/dR with 
increasing λ in the case of D - 0.01 due to this cross-current gas exchange 
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obviously overrules the decrease In dE/dR due to the Interaction with the 
alveolo-capillary membrane observed when D > 0.01. When λ increases, the 
gas transport from pulmonary blood to pulmonary air increases, eq (4.3). If 
the volume of the alveolo-capillary membrane is omitted, this results in a 
more proximal location of the transition zone. In the limit of λ going to 
infinity, the transition zone will be located within the first compartment 
of generation 11 of the model. This is in agreement with the estimated dead 
space volume in the parallel compartment model which is close to the anato­
mical dead space volume of the generating model. The proximal shift of the 
transition zone is delayed with increasing λ by the interaction with the 
alveolo-capillary membrane. 
Nevertheless, for λ going to infinity, the location of the transition zone 
will again be in the first compartment of generation 11. This yields a 
sharp increase in dE/dR for λ > 100, as can be seen in Figure 5.1, panels I, 
II and III for the last two data points (Ε (λ - 330) > Ε (λ - 110)). 
5.2 COMPARISON WITH DATA (STAINED IN VIVO. 
Figure 5.4 shows the results of experiments performed on two dogs by 
Dr. F.F.A. Hendriks. Figure 5.4a shows (R,E) data obtained at one-hour 
intervals in a dog with normal healthy lungs. The experiment was selected 
for the good reproducibility of the mass balance, E - (λΟτρ/ν^ ι) ( 1-R) for 
each of the six gases for the three curves. The close resemblance of the 
three curves is indicative of the stable physiological conditions during 
the experiment. All three curves show the convex behavior, with the ace­
tone point (R - 1) below the ether point, ( R ^ 0.9) in agreement with our 
simulation results shown in Figure 5.1, but this behavior is incompatible 
with the description of the gas transport in the lung given in Chapter 2. 
Figure 5.4b shows (R,E) data obtained in one dog with parallel ventilation 
inhomogeneity induced by partial obstruction of one main bronchus with an 
inflated balloon. 
Under this condition, there exists shunt perfusion in combination with V/Q 
inhomogeneity as indicated by the concave curvature formed by the data with 
λΟχ/ν? *> 1· Aft e r deflation of the balloon and hyperinflation of the lung, 
shunt perfusion has disappeared and the concavity of the curve formed by 
the data with AQ^/Vj < 1 has decreased considerably, indicating diminished 
V/Q inhomogeneity. 
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Figure 5.4: (R,E) data obtained in anesthetized dogs. (Ifg, ethane, 
oyai-opvopane, halothane, ether and acetone). Figure 5.4a ehowe three 
curvee obtained at one-hour intervale in a dog with normal lunge. Figure 
5.4b ehowe two aurvee obtained at one-hour interval in a dog with V/Q 
irihomogeneity induced. Curve marked by dote taze obtained during 
partial obstruction of Train bronahue with an inflated balloon. Curve 
indicated by ciralee wae obtained after deflation of the balloon and 
hyper inflation of the lung. Hote the convex behavior of the aurvee for 
large values of λ. Data were provided by Dr. F.F.A. Hendrike to 
demonetrate both the good experimental reproducibility and acetone 
excretion value lower than the ether value in agreement with the eirnu-
lated patteme of Fig. 5.1, I, II and III. 
Both data series show a convex curvature for large values of XQ^/V?· 
The convexity of the curves shown in Figures 5.4a and 5.4b cannot be 
ascribed to measurement errors, since the reproducibility of the partial 
pressure measurements in blood samples was 1.6, 1.5 and 1.6 per cent for 
halothane, ether and acetone, respectively. Reproducibility in the gas 
samples was better than 0.5 per cent as described by Hendriks (1979). 
Figure 5.5 shows the results obtained by Dueck et al. (1980) in ten 
patients prior to and during anesthesia. Dueck et al. (1980) originally 
published their data in the form of estimated V/Q distributions and in 
graphs with E and R as functions of λ together with the E and R values 
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Figure 5.5: (R,E) data obtained in patiente before aneetheeia (airalee) and 
during aneetheeia (dote). The data pointe were obtained with SFg, ethane, 
oyalopropane, enflurane, ether and acetone in order of іпа еавіпд λ . ι
η 
the Ε-R diagvame the data pointe of enflurane and ether are aonneoted 
with a etraight line to enable a aompavieon of the intereeot of thie 
line and the ordinate R = 1 and the aotual acetone data point. If the 
actual value of the acetone ie lower than the intereeot then dpE/dlfi^O. 
On the right hand eide of each Ε-R diagram the corresponding overall 
efficiency, Eff = E(l - R), ie ehown ae a function of log XQ^/Vq,. Arrows 
mark the values of log (VT - VD)/(iT - Qs))> taking UD and Qs from the 
estimated V/Q distributions described by Dueck et al. (1980). Since the 
estimated Vp ie systematically too large, a systematic spurious ehift to 
the left in the location of these arrowe occurs. Data were provided by 
Dr. R. Dueck. 
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corresponding to the estimated V/Q distributions· In comparing the original 
data and the estimated R,E data, a systematic deviation was seen· In Figure 
5·5 this systematic deviation leads to a negative value for d2E/dR2 in 15 
of 20 measurements except for patients 6, 8 and 10· This is shown by con­
necting the data points for enflurane and ether with a straight line and 
comparing the intersect of this line and the ordinate R - 1 with the data 
point obtained for acetone. Dueck et al. (1978) reported a measurement 
accuracy similar to that of Hendriks (1978). Яіе observed negative 
deviation of the acetone point can therefore not be ascribed to measurement 
errors. The deviations of the ether and acetone data result in a systematic 
overestimation of the dead space fraction in combination with an underesti­
mation of ventilation to compartments with high $/І ratios. This may 
explain why Dueck et al· (1980) did not report ventilation to compartments 
with high V/Q ratios but on the contrary reported considerable fractions of 
the perfusion distributed to compartments with low V/Q ratios, especially 
during anesthesia. Hie shift to the right in Effmax which is associated 
with the distributions reported by Dueck is not seen in the graphs of Eff 
as a function of log XQT/VT. The conclusion that no such low V/¿ compart-
ments exist is not permitted, since the concave curvature obtained for low 
values of XQ^/Vij, is indicative of such compartments. We therefore conclude 
that the results of Eff for high values of XQip/Vip are decreased by other 
factors for which we return to the buffering effect of the alveolo-
capillary membrane in combination with the mucous membrane of the conduc-
tive airways. This buffering effect of the mucous membrane of the 
conductive airways was already investigated for carbon dioxide by Galdston 
and Horwitz (1948) and for foreign gases with high solubility by landahl 
and Herrmann (1950). Recently de Vries and Luijendijk (1982) reported the 
early appearance of COj and N2O in comparison with Argon in single-breath 
experiments, which they also ascribed to the buffering capacity of the con-
ductive airways· The results of Dueck et al· (1980) support these studies, 
since the negative value of dE/dR between ether and acetone is decreased in 
the majority of the cases (3,4,5,7,9 and 10) after induction of anesthesia, 
i.e. after tracheal intubation. Tracheal intubation very likely induces a 
decreased absorptive surface and increased bulk flow velocities, thus 
decreasing the effective buffering volume of the proximal airways. Indepen-
dent of the actual causes of the change in efficiency, the graphs of Eff as 
a function of λ&ιΆτ Illustrate the shifts in efficiency. In the majority 
of cases displayed in Figure 5.5, the curves show that, after induction of 
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anesthesia, the efficiency for gases with XQ T/V T < 1 (oxygen) has 
decreased but the efficiency for gases with Xup/Vij > 1 (carbon dioxide) 
was little affected (cases 1,2,4,5,6,7 and 9). 
In clinical practice, this means that adequate gas exchange can be main­
tained by increasing the inspired oxygen partial pressure. In cases 3 and 
8, and to a lesser degree case 10, the maintenance of an adequate 
P
a
C02 level will require overall changes in the ventilation. 
Figure 5.6 finally shows the behavior of acetone in a different type of 
experiment, i.e., using simultaneous washin and washout of gases with 
various λ. 
Carbon dioxide 
Helium 
Cyclopropane 
Acetylene 
Halothane 
Ether 
Acetone 
Figure 5*6: Simultaneoue гмвЫп and waehout of вгх tvaeer gaeee with widely 
varying λ together with COg. First 90 seconde show the washin period 
where the top of the curves of each gas gives Pj and the bottom indica­
tes the expiratory partial pressures. The following 90 seconds show the 
waehout with Pj = 0. The high levels of the ехріткхіогу partial pressures 
for cyclopropane, acetylene, halothane and ether at the end of the 
waehout period result from the increased mixed-venoue partial pressurée 
obtained during the washin period. 
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The subject (normal, healthy, 40 years of age) was breathing quietly 
through a mouthpiece. The concentration of the gases supplied during the 
washin period was about 0.01 volume per cent each. Measurements were per-
formed with a Balzerà mass spectrometer and a continuous sample flow 
(50 ml/min) was drawn through a heated metal tubing with its tip located 
1 cm proximal of the lips. TJie level of the plateau of the expired con-
centration after the washin period is determined, among other things, by 
the XQ/V ratio and the venous return. If the end-expiratory sample was 
representative for the alveolar gas concentration, one would expect a 
negligible concentration of acetone in the end-expiratory sample due to its 
large λ. However, we see that the end-expiratory level is about 20 per cent 
of the inspiratory level. This 20 per cent level is reached within two 
breaths so that it cannot represent venous return in any way. "Йііэ is sup­
ported by the expiratory levels obtained during the washout period. The 
acetone level returns to zero within two breathe, whereas the ether tra­
cing clearly shows the effect of washout from the pulmonary perfusion· The 
increased end-expiratory level of acetone in comparison with the ether 
level at the end of the washin period, where the ether level is even 
increased as a result of the elevated mixed venous partial pressure, «rould 
result in an excretion value in the end-expiratory sample being lower for 
acetone than for ether. This observation is in perfect agreement with the 
results in the mixed expired samples shown in Figures 5•4 and 5.5. The 
increased levels of acetone shown in Figure 5.6 cannot be ascribed to loss 
of acetone in the tubing during the sampling process. We therefrom conclude 
that the convex behavior of R, E data observed in vivo cannot be ascribed to 
measurement errors. Diffusion limitation alone cannot explain the negative 
values of dE/dR observed between ether and acetone. The interaction of the 
gas with the alveolo-capillary membrane and the mucous membrane in the con­
ductive airways gives a satisfactory explanation for the observation of 
negative dE/dR. 
5.3 DISCUSSION 
Excretion and retention data simulated in a lung model with tidal ven­
tilation, gas transport by diffusion and interaction with the alveolo-
capillary membrane volume were compared with (R,K) data obtained in man and 
dog. The simulated influence of the diffusion limitation was in agreement 
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with in vivo data for acetylene and freon. It was shown, however, that the 
description of diffusion limitation by stratified inhomogeneity, as used by 
Hlastala et al. (1982), was not adequate to describe our data. The 
heuristic description of our data with B/E as a function of D~1/2 yielded a 
value of the dead space which was close to the anatomical dead space of the 
generating model for D "*• ™ . This is not surprising since we neglected the 
influence of the gas transport by diffusion in the anatomical dead space. 
If the Fick diffusion equation (4.1) had also been applied to the anatomi­
cal dead space we would have obtained a dead space of zero for D-*"". The 
reason is that, for D ••• ш , gas transport by diffusion always exceeds the 
convective transport, yielding complete equilibration of partial pressures 
in the lung, including the conductive airways· This reasoning also holds 
for the gas exchange in the real lung. He therefore conclude that extrapo­
lation of the data determined for acetylene and freon to the situation of 
D = « , in order to obtain an apparent ideal dead space fraction as used 
by Hlastala et al. (1982), is not permitted. This conclusion is independent 
of the exact formulation which is used to describe the diffusion limitation 
in the gas phase of the lung. 
Besides the influence of the diffusion coefficient we have shown the buf­
fering effects of the alveolo-capillary membrane in our simulations. The 
convex curvature found in our simulations was consistent with the data 
obtained in vivo as presented in Figures 5.4, 5.5 and 5.6· Landahl and 
Herrmann (1950), comparing nose and mouth breathing, had already showed 
that besides the alveolo-capillary membrane the raucous membranes of the 
upper airways also made an important contribution to this effect. 
Cander and Forster (1959) observed a comparable interaction with the 
mucous membrane of the conductive airways. He conclude that the convex 
behavior of highly soluble gases cannot be ascribed to directional measure­
ment errors (Wagner et al., 1974), with the consequence that (R,E) pairs, 
even if they are obtained using gases with the same diffusion coefficient, 
cannot be described in general in terms of V/Q distributions· The diffusion 
coefficients of gases used in physiological studies vary only moderately 
except for gases such as hydrogen and helium on the one hand and sulphur 
hexafluoride and halothane on the other side. It is possible then to 
interpret (R,E) data as if they represented a continuous function of D for 
a diffusion coefficient in the order of 0.2 (oxygen, carbon dioxide, etc·). 
Graphic representation in the form of the Ε-R diagram and Eff as a function 
of AQp/v,p then allows the evaluation and interpretation of the gas 
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transport function of the lung. Concavity in the Ε-R diagram for (R,E) data 
with XQT/VT < 1 indicates small regions with partial pressures close to 
Pj (dead space like) in combination with large regions with partial 
pressures close to P^ (shunt like). Concavity for (R,E) data with 
Q^q/Vip > 1 indicates large regions with partial pressures close to Pj and 
small regions with partial pressures close to P!l. The influence of the buf­
fering in the alveolo-capillary membrane and mucous membranes of the con­
ductive airways interferes with parallel inhomogeneity at AQT/VT > 1. Ulis 
results in a leftward shift of the location of Effmax as shown in Figure 
5.5, despite strong concavity in the region of λΟρ/ν
τ
 < 1, favoring a 
displacement to the right, and can be further evaluated by using тэге gases 
with high values of λ. All (R,E) data for gases with high λ are located 
very close to the ordinate R - 1; hence, variations in E or E/R reflect 
the effect of buffering directly related to λ. The overall efficiency of 
the gas transport of the lung is quantified in Eff and, if desirable, can 
be compared with the value obtained for an ideal cocurrent system with Eff 
(ideal) - [(1 + VT/X(5T)( 1 + X&r/U],)] -
1
· 
CONCLUSIONS 
Simulations from a model with tidal ventilation showed that the location of 
the calculated (R,E) pairs is incompatible with the parallel co-current 
system derived in Chapter 2. λ decrease of diffusion coefficient D in the 
gas phase lowers the E vs R curves and thus increases Ц/Е. The E ve R cur­
ves decline with gases of very high λ (particularly acetone), with the 
exception of a very low D of 0.01. Simulations after emission of tissue 
showed that this decline can be ascribed to the buffering effect of the 
alveolo-capillary membrane and capillary blood. These deductions from the 
simulated results were compared with experimental data obtained in dog and 
man, whose reproducibility was good enough to confirm the interpretation 
derived frena the model simulations. 
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6. PARTIAL PRESSURE RELATIONS IN THE MAMMALIAN LUNG DURING THE BREATHING 
CYCLE. 
Using the model described in Chapter 4 and the breathing conditions 
outlined in Chapter 5, we calculated for a tracer gas in the washout 
situation the momentary mean alveolar partial pressure, PA, the momentary 
expiratory partial pressure, PE, the mixed expiratory partial pressure, Pf, 
the end-tidal partial pressure, Pj,', and the mean arterial partial 
pressure, P
a
, as a function of the blood-gas partition coefficient,λ , and 
the diffusion coefficient, D. 
It will be shown that during increased ventilation and perfusion there was 
a reversal in the difference between Pg' and P.. This reversal in P E ' - P./ 
alters the relation between the Bohr dead space fraction, (l-P^/Pg1)* and 
the physiological dead space fraction, (1-P|/P
a
)· TJie determinants for the 
reversal in P E ' - P
a
 and the significance for the interpretation of the con­
ventional gas analysis will be discussed. 
6.1 CONDITIONS 
Simulations were made for the following conditions (the same as used in 
Chapter 5): 
I: V T - 7.5 Imin"
1; ¿r - 7.5 Imln-1; f - 15 min"1; FRC - 3.25 1 
II: VT - 20.0 Imin-1; ¿p - 10.0 Imin-1; f - 20 min-1; FRC - 3.25 1 
III: VT - 60.0 Imin"1; Qj - 20.0 Imin"1; f - 30 min"1; FRC - 3.25 1 
D - 0.5; 0.22 and 0.1 (cn^sec-1) 
λ - 0.01; 0.2; 0.4; 0.7; 1.0; 1.5; 2.5; 5.0; 10.0; 30.0; 110.0 and 330 
IV : As III but additional calculations with D « 0.01 and for D - 0.1 after 
omission of the alveolo-capillary membrane volume. 
Series I, II, III and IV were simulated in a model with a single value for 
the generation of division, N - 19. A few additional simulations were per­
formed for D - 0.22, λ - 2.5 and N - 16, 17, 18 and 20. 
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6.2 RESULTS AND INTERPRETATION 
Pj.'- P
a
 differences: 
Figure 6.1 shows the results of the partial pressures PA, P E and P a relative 
to P^ during a breathing cycle for a tracer gas with λ - 2.5 and D - 0.22 
for the asymmetric lung model with N » 19. These values of λ and D were 
chosen because they approximate the values for carbon dioxide. The homoge­
neous Q/V distribution implied that Р
д
 represented the momentary mean 
alveolar partial pressure and the momentary partial pressure of the mixed 
time time time 
Figure 6.1: Lung volumes and novmalised partial preeeuree during the 
breathing ayale for a tracer gas with λ = 2.S and D = 0.22 for ven­
tilation and perfusion aonditione I, II and III, reepeatively. The firet 
arrow (to the left) indiaatee the time vhen the дав mixture aonetituting 
the end-tidal sample enters the anatomical dead space of the lung model. 
The second arrow indiaatee the moment of PAWU/^V' ^ 6 dashed line indi­
cates Рд/Ру. The curve of Рд/Ру has been extended beyond one breathing 
period until the maximum in Рд/Ру was reaahed, which coincides, with 
the arrival of freshly inspired air in the distensible lung region. The 
total distance between the two arrows is therefore equal to two times 
the transit time of the ventilation through the anatomical dead space. 
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end-capillary blood leaving the lung. A cyclic variation in P A was apparent 
during the breathing cycle. 
The left arrow in each panel indicates the time at which the alveolar gas 
constituting the end-tidal sample, entered the anatomical dead space of the 
lung model. The time delay between this arrow and the end of expiration 
represents the transit time through the anatomical dead space. The dif­
ference between P A at the location of this arrow and Pj.' implied that the 
end-tidal partial pressure did not represent the mean alveolar partial 
pressure at the time when the end-tidal sample entered the anatomical dead 
space of the lung model. The difference between Pg' and P
a
 means that the 
end-tidal sample did not represent P
a
 correctly either. It is clearly seen 
that the phase shift between the two arrows, representing the time of maxi­
mal P A (right arrow) and last sampled alveolar gas (left arrow), decreased 
with increasing V T due to a decreased transit time in the anatomical 
deadspace. As a result, Pg' approximated Рд at an early time in the expira­
tion for low values of V T, whereas at high values of V T, Pg' approximated 
Рд at a later time in the expiration. This shift in P E' to Рд/дох) has been 
generally accepted as an explanation for a possible reversal in Pg' -
P
a
 (Piiper and Scheid, 1971). This reversal can be clearly observed in 
Figure 6.1: I, Pg' < P
a
; II and III, Pg' > P
a
. The results of our simula­
tions agreed well with data obtained in vivo by Jones et al. (1979), who 
described the relation between Pg'» P
a
 and tidal volume (VT in ml) by the 
following empirical equation: 
P
a
,C0 2 - 5.5 + 0.9 Pg'.COj - 0.0021 V T (6.1) 
Using eq (6-1), we calculated PE'/P
a
 for Pg'- 40 mmHg for the three 
V T values used in our simulations· The results along with those of our 
simulations with λ »2.5, D - 0.22 and different choices for the genera­
tion of division, i.e., N - 16, 17, 18, 19 and 20, together with the mean 
values of the simulations and the data according to Jones eq (6.1) are 
presented in the following table: 
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Table 6.1 
FE,/Pa> lung simulations 
V T (ml) N - 16 N - 17 N - 18 N » 19 N - 20 mean Jones eq.(6.1) 
500 0.983 0.973 0.975 0.984 0.994 0.982 0.989 
1000 1.016 0.998 0.984 1.001 1.019 1.004 1.015 
2000 1.074 1.071 1.054 1.045 1.070 1.063 1.072 
maximal dif-
ference 0.091 0.098 0.079 0.061 0.076 0.081 0.083 
An Increase in the ratio Pp'/P, with increasing VT was calculated for all 
selected values of N. This illustrates the low sensitivity of the simula-
tion results to changes in the selected lung geometry which have no quali-
tative and only minor quantitative effects on the observed variables. In 
the normal human lung the geometry and branching pattern will vary from one 
acinus to the other/ and it seemed reasonable to expect that the mean values 
obtained from the different asymmetries give a representative value for 
P£,/Pa· These mean values very closely approximated the results for 
PE,/Pa based on the experimental data of Jones et al. (1979). 
It will now be shown, using Figures 6.2 and 6.3, that the difference 
PE,-Pa cannot be fully explained by the tidal variation in PA. nie peak-to-
peak variations in the mean alveolar partial pressure, РдпіахАдтіп' as a 
function of λ for the series I, II, III and IV in a lung model with N - 19 
are shown in Figure 6.2. In general, Pftmax^Amin increased with increasing 
V T (I -+11 -vili) and with decreases in D. Furthermore, an asymptotic 
decrease to unity for λ ->- » can be seen in all panels. This asymptotic 
decrease to unity resulted from the increase in transport capacity of the 
perfusion, eq (4.3), and from the increased buffering capacity of the 
alveolo-caplllary membrane, eq (4.4), where V(t) and V(t + nt)-»· <» . Hence 
in the limit, \ - », these capacities were so large that all of the ven­
tilation entering the first compartment of generation 11 will be fully 
equilibrated with P^, yielding a constant partial pressure in all compart­
ments of the distensible region of the lung model equal to P^ during both 
inspiration and expiration-
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Figure 6.2: Tidal variation in Рд expreeeed αβ Р/ітси/^Атіп a e a / " " " t ion of 
λ for different value в of D. Panela I, II, III and IV aorreepond to the 
different ventilation and perfusion conditions. Each curve ie related to 
one value of D. In panel IV, the curve without a symbol was obtained 
after emission of the alveolo-aapillary membrane volume and for Ό = 0.1. 
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Figure 6.3: Ratio Р^ '/Рд ее я function of λ for differnt values of D. 
Panels I, II, III and IV correspond to the different ventilation and 
perfusion conditions. Each curve is related to one value of D. In panel 
IV, the curve vtithout a symbol vas obtained after omission of the 
alveolo-capillary membrane volume and for D = 0.1. 
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If the tidal variation in P A were to be the main determinant of the dif­
ference PE'- P
a
, we would expect the smallest difference in the case of 
minimal variation in P.. 
In Figure 6.3 where the ratio Pg'/Pa is plotted as a function of λ, we 
observed, however, that this expectation was not confirmed· Figure 6.3, I 
shows that Ρ Ε ' / Ρ 3 was close to one for λ < 10 but decreased rapidly to 0.85 
beyond λ m io, which was accompanied by a rapid decrease in Рдщах/Рдщіп down 
to one as shown in Figure 6.2, I. Another illustration that the tidal 
variation, Рдщах/Рдщіп^ cannot be the only decisive determinant for the 
difference Pg'- P
a
# was the simulation of the hyperbaric condition (D » 
0.01) shown in Figures 6.2, IV and 6.3, IV. Figure 6.2 showed that, in com­
parison with all simulations with λ < 10, the greatest variation in 
I,Amax/pAmin w a 3 f o u n d f o r D " 0.01. Nevertheless Figure 6.3, IV showed a 
nearly constant value for РЕ'/РД which varied between 0.969 and 0.9Θ3 over 
the entire range of λ. 
From these examples we concluded that factors other than the variation in 
P A determine the final outcome of Pg'^a" ^ ® "^
01
^
6! simulations permitted 
the evaluation of the separate contributions of the diffusion coefficient, 
D, and the alveolo-capillary membrane volume. Figures 6.3, I, II, III and 
IV gave evidence for a pronounced effect of D. Figure 6.3, IV further shows 
that omission of the alveolo-capillary membrane volume in the lung model 
had a pronounced effect on the ratio Р^'/Рд as a function of λ· 
To understand how D and the alveolo-capillary membrane volume affected the 
ratio Pg'/Pa' w e h a v e t o return to the model and discuss the intrapulmonary 
gas exchange in more detail· 
Figure 6.4 shows a longitudinal section of the lung. After generation 1Θ, 
the asymmetric branching pattern gives rise to a relatively small volume 
representing a part of the acinus which continues up to generation 26. We 
will first consider gases with small blood-gas partition coefficients. For 
small values of λ, two processes are decisive for the partial pressure 
distribution in the gas phase: bulk flow and diffusion. At inert gas 
elimination from the mixed venous blood, the direction of the gas transport 
of the tracer gas by the two processes is opposed during inspiration in 
both branches of generation 19. The bulk flow is directed to the more 
distal lung regions and the transport by diffusion is directed towards the 
mouth. It was shown in Chapter S, Figure 5.3, that when the transport by 
the bulk flow was approximately balanced by the counter transport by dif­
fusion, a transition zone with a rapid rise in the partial pressure of the 
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Figure 6.4: The asymmetrie ЪгапоНіпд model of the lung. After generation 18, 
fifty per aent of the branches of the 19th generation continue to 
generation 27 (shadowed area), the remaining branches nay continue up to 
generation 26, and this results in a difference in flow rates in the 
corresponding generations. Solid arrows indicate convective flow direc­
tion and broken arrows indicate the transport direction by diffusion. 
Figure 6.4a and b show inspiration and expiration, respectively. 
tracer gas, which is generally referred to as the "diffusion front" was 
formed. A small longitudinal gradient in the partial pressure persists 
distally from the transition zone. Thus, the location of the transition 
zone is determined, among other things, by the velocity of the bulk flow 
which is related to the tidal volume, the respiratory frequency and the 
diffusion coefficient. This explains the increased ratio, Pftmax/PAmin' 
with increased ventilation shown in Figure 6.2. A more distal location of 
the diffusion front implies an increased proximal alveolar volume with a 
partial pressure close to the inspired partial pressure. This proximal 
volume will result in a decreased РДЩІП· If the transition zone overlaps 
the generation of division in one or both branches of generation 19, a 
situation is created where gas originating from the reduced unit is 
transported by diffusion towards the branching point during inspiration as 
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a result of the lower bulk flow velocity in the reduced unit, eq (4.1). 
During expiration, this process is reversed as a result of the partial 
pressure différence created during inspiration. This is indicated by 
the arrows in Figure 6.4. In the nonreduced branch the transport by bulk 
flow and diffusion act in the same direction during expiration, resulting 
in a rapid decrease in the serial inhomogeneity which, however, persists to 
an extent depending on the initial degree of inhomogeneities within the 
acinus at the beginning of expiration. The remaining degree of inhomoge-
neity will strongly affect the final outcome of PE'· The persisting serial 
inhomogeneity resulted in the partial pressure of the tracer gas in the 
end-tidal sample being even lower than the mean alveolar partial pressure 
at the time when the air constituting the end-tidal sample enters the ana-
tomical dead space of the lung, as shown in Figure 6.1. It was shown in 
Figure 6.3 that the lower the value of D, the more this remaining inhomoge-
neity reduces the value of Рв'/^а" Apparently» ^ η series IV for D • 0.01, 
the effects of the persisting serial inhomogeneity and the variation in the 
mean alveolar partial pressure on Pg'/Ea were about the same but opposite. 
For highly soluble gases, the cross-current gas exchange in the early 
generations of the distensible lung region during inspiration results in a 
more proximal location of the transition zone as described in Chapter 5. 
During expiration part of the tracer gas is reabsorbed in the proximally 
located alveolo-capillary membrane. The proximal shift in the transition 
zone and the reabsorption in the alveolo-capillary membrane are responsible 
for the relatively small values of РЕ'/РД tor the highly soluble tracer 
gases. For extremely large values of λ the interaction with the pulmonary 
blood and alveolo-capillary membrane completely abolishes the stratifica­
tion effects of the transport by diffusion in the airways, as is clearly 
shown in Figures 6.2 and 6.3, panels I, II and III, where the curves for 
different D all converged for λ approaching infinity. The influence of the 
buffering in the alveolo-capillary membrane volume can be judged from 
Figures 6.2, IV and 6.3, IV, where the alveolo-capillary membrane volume 
was omitted from the lung model. The high value of Рдіпах/рАтіп w a s n^l11-
tained for larger values of λ and was accompanied by an increase in 
P E
,/P
a
 in the tissue-free model. 
The results shown in Figures 6.1, 6.2 and 6.3 reveal that, in our simula­
tions, the tidal variations in the alveolar partial pressure are essential 
for the reversal of the difference Pg'- P
a
. The final manifestation of this 
difference, however, was the result of a delicate interaction of diffusive 
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and convective pulmonary gas transport together with gas excreted from the 
pulmonary blood and the buffering capacity of the alveolo-capillary 
membrane· In this chapter we have not discussed the changes in the alveolar 
slope which are directly related to all the discussed phenomena· This sub­
ject was discussed in detail by De Vries et al. (1982). 
6.3 FUNCTIONAL DEAD SPACE FRACTION 
The previously described behavior of 2
Ε
'/Ρ
Λ
 will be reflected in the beha­
vior of the functional dead space fraction as a function of λ and D, depen­
dent on the dead space definition used. The classical Bohr dead space 
fraction was defined, using the end-tidal partial pressure, as 1 - PZ/PE', 
and the physiological dead space fraction, using the arterial partial 
pressure, as 1 - PË^a" ^ 0 behavior of both dead space fractions in our 
simulations is shown in Figure 6.5. Before discussing the results of 
(Л І WO 01 1 1Ò0 01 1 «0 01 1 100 
— λ — λ — λ — λ 
Figure 6.S: Bohr dead впасе fraction, 1 - РЦ/РЕ', and phyeiological dead 
epaae fraction, 1 - Р^/Р
а
, ав a function of λ for different values of D. 
Panels I, II, III and IV correspond to the different ventilation and 
perfusion conditions. Each curve is related to one value of D. In panel 
IV, the curves vithout symbole were obtained after omission of the 
alveolo-capillary тетЬтчте volume and D = 0.1. 
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Figure 6.5, it should be emphasized that the anatomical dead space in our 
simulations had a fixed volume of 228 cm3. This implies that all of the 
changes in Bohr dead space and physiological dead space fractions reflect 
the effect of partial pressure inhomogeneities in the distensible lung 
region despite the modelled homogeneous distributions of Д / and ¿¡/V. 
Let us first consider the influence of D for gases with small λ (λ<1)· In 
Figure 6.5, I, II and III, it is shown that the more distal location of the 
transition zone with decreasing D resulted in an increase in both dead 
space fractions with decreasing D. Moving from Figure 6.5, I to 6.5, II and 
6.5, III, we see furthermore that, in panel I, the physiological dead space 
fraction was always larger than the Bohr dead space fraction; this was 
reversed in panel III, reflecting the reversal in Pg'- P.. From Figure 6.5, 
IV, we can see that the omission of the volume of the alveolo-capillary 
membrane had a negligible effect on both dead space fractions for λ < 1. 
The variation in the dead space fractions for D » 0.1 and 0.5 with 
λ " 0.01 gave rise to a change in dead space volume ((1 - P E/P E')V T), from 
2Θ0 to 330 cm3 (I), from 340 to 440 cm3 (II) and from 480 to 720 cm3 (III). 
Consider now the behavior of the dead space fractions for λ > 1. As 
discussed before, two gas exchange phenomena begin to influence the overall 
gas exchange across the lung: 
1 ) interaction of the ventilatory flow with the buffering capacity of the 
alveolo-capillary membrane; 
2) interaction of the ventilatory flow with the perfusion freshly entering 
the gas exchanging area in a cross-current type of arrangement· 
The interaction of the ventilatory flow and the buffering capacity of the 
alveolo-capillary membrane resulted in a decreased gas exchange, as 
reflected in the general increase in both dead space fractions with 
increasing λ as shown in Figure 6.5, I, II and III. In case IV, on the 
contrary, we found that the interaction with perfusion in the cross-current 
arrangement resulted in an increased gas exchange. This was evidenced by 
the continuous decrease in both dead space fractions with increasing λ for 
the simulation with D = 0.01 which had a very distally placed "diffusion 
front" and hence a large proximally located cross-current section (see also 
Chapter 5, Figure 5.3), and for the simulation with the tissue-free model. 
The shift of the transition zone to the first compartment of the disten­
sible lung region also occurred in our model if tissue was added. Since we 
have only added buffering capacity to the distensible part of the lung 
region, this resulted in a sudden decrease in the dead space fraction 
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observable in Figure 6.5, I, II and III for λ > 100. In the real lung, the 
epithelium in the upper airways will also contribute to the gas transport, 
especially for extremely high λ. The effective volume depends on the 
penetration depth but was calculated to be in the range of 2cm3 only 
(Chapter 4). Denison et al. (1980) discussed the influence of the buffering 
in the upper airways when measuring lung water. Landahl and Herrmann (1950) 
investigated the influence of the absorption in the upper airways using 
vapors of alcohol, acetone, hydrogen cyanide and ammonia; they showed the 
effect of nasal breathing and mouth breathing on the effective dead space 
for these gases. For alcohol and acetone, they found an effective dead 
space fraction of 40 per cent when breathing through the mouth which is 
also in agreement with the measurements of Gander and Forster (1959). Thus, 
addition of buffering tissue to the upper airways of the model would have 
further increased the dead space fractions shown in Figure 6.5 for highly 
soluble gases (λ > 100). 
6.4 DISCUSSION 
In the conventional analysis of gas exchange across the lung it has been 
generally assumed that in the absence of shunt P A • Pa. It was further 
assumed that in the absence of V/Q inhomogeneity PE' represents Рд. The 
homogeneous Δν/V and Q/V distributions used in our model simulations imply 
that P
a
 - T"1 j'tjfit where integration is performed over the entire 
breathing cycle (T). Our simulations, nevertheless, showed that, in the 
washout situation for breathing condition I, Pg' was always lower than 
P
a
 but that at increased ventilation and perfusion the difference, PE'" pa» 
disappeared and was even reversed for tracer gases which varied over a wide 
range in λ and D. Comparison of the simulated data for a gas with λ - 2.5 
and D - 0.22 with an empirical relation for Pg', P
a
 and V T obtained frem 
carbon dioxide measurements during exercise (Jones et al. 1979), showed a 
good quantitative agreement. Ne will now first consider whether our choices 
in the model simulations may have specifically favoured a reversal in 
P E· - Pa, before discussing some consequences for the interpretation of 
deviations between differently defined functional dead spaces. 
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MODEL CONFIGURATION: Most of the data presented were simulated In an asym­
metric lung model with N - 19 and final generation numbers 21 and 26 for 
the reduced and nonreduced units, respectively. It has been shown that 
changing the number of the generation of division, N, did not alter the 
qualitative behavior of the model and resulted In only minor changes In the 
quantitative behavior. Recent calculations made by us in a symmetric lung 
model (not included in the present data) showed an even greater increase in 
PJJ' with respect to P
a
 indicating that the asymmetry is not an essential 
condition for the reversion in Ρ^'" pa. 
PERFUSION DISTRIBUTION: We have assumed homogeneous distributions of Q/V. 
Nixon and Pack (1980), using a perfused lung model without alveolo-
capillary membrane volume, assumed a decrease in perfusion density from the 
proximal parts towards the distal parts of the acinus, which is not sup­
ported by the observations of Weibel (1981). This assumption would have led 
to an increased fraction of capillary blood with extremely low partial 
pressures during inspiration due to the cross-current gas exchange in these 
proximal parts. This would have resulted in a decreased P
a
 with only small 
alterations in Pg', thus increasing the chance of finding a reversal in 
V - pa· 
СНИІІСАІ. EQUILIBRATION: Gurtner (1977) and Forster (1977) proposed two dif­
ferent hypotheses to explain the experimental data of end-expiratory par­
tial pressures of carbon dioxide exceeding the arterial partial pressure 
during rebreathing and exercise. If such hypotheses had been introduced 
into our model, this would have resulted in an increased chance of finding 
a reversal in the difference, PE'~ pa' n o w f o r carbon dioxide. 
From the arguments presented above concerning model configuration, Q/V 
distribution and the hypotheses of Gurtner and Forster, we conclude that 
our model represents a low estimate for the difference Pg'- P
a
 for CO2. It 
becomes very unlikely therefore that the observations of Pg'^ P
a
 for carbon 
dioxide during exercise made by Matell (1963) and Jones et al. (1979) and a 
similar trend reported for oxygen by Haldane and Douglas (1910), Jones et 
al. (1969) and Denison et al. (1969) can be ascribed to directional 
measurement errors as suggested by Scheid and Piiper (1980). On the 
contrary, experimentally determined relationships between PE' and P a as 
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published by Jones et al. (1979) will be an Important means to obtain a 
better noninvasive estimate of P
a
 f rem Pj;' in healthy subjects under dif­
ferent breathing conditions. The reversal in the difference, Pg'- P-, is 
incompatible with conventional gas exchange analysis. Some of the principal 
consequences for this analysis have been pointed out by Scheid and Piiper 
(1980) and we will return to this point in Chapter 9. In the remaining part 
of this discussion, we confine ourselves to the interpretation of func­
tional dead space in relation to intrapulmonary gas exchange. 
FUNCTIONAL DEAD SPACE: Zuntz (1682) defined the anatomical dead space as 
the volume of the conductive airways not lined with respiratory epithelium. 
Soon after the introduction of the functional determination of dead space 
by Haldane and Priestley (1905), the never settled dispute between Haldane 
and Krogh began about the interpretation of differences between the func­
tionally determined dead space and the anatomical dead space. In our simu­
lations, the anatomical dead space had a fixed volume. The increased Bohr 
and physiological dead spaces could therefore not be ascribed to the 
distension of the anatomical dead space, this being one of the classical 
arguments used to explain the increase in functional dead space. The volume 
obtained from the difference between the functional dead space and the ana­
tomical dead space of the simulated data should be located within the 
distensible part of the lung model and is traditionally called the alveolar 
dead space. It was shown for gases with λ < 1 that the alveolar dead space 
was a function of the diffusion coefficient and was, to a large extent, 
determined by the location of the transition zone, which for these gases 
depends on the balance between diffusive and convective gas transport in 
the airways. The alveolar dead space is then related to the region of low 
partial pressures proximal to this transition zone. Using eq (4.3), we 
find that these low partial pressures give rise to optimal gas transport 
from pulmonary blood to pulmonary air. Hence, what we traditionally called 
alveolar dead space is related to lung regions with optimal gas transport 
in the lung model. Using helium washout and simultaneous carbon dioxide 
measurements in healthy subjects (Zwart et al., 1982; Chapter 7), it was 
shown that the changes in Bohr dead space fractions result from stratifica­
tion as described by the type of model presented here instead of one con­
sisting of parallel compartments. 
6-13 
There із no reason then to interpret the alveolar dead space of healthy 
subjects as ventilated but not or poorly perfused alveoli· 
Addition of a perfused nonventilated area, i.e. shunt, to the model would 
have increased P
a
 without changing Pg, thus increasing the physiological 
dead space fraction. This again indicates an incorrect interpretation of 
alveolar dead space with nonperfused but ventilated alveoli. It seems 
better therefore to relate the physiological dead space fraction for a 
given gas to the gas transfer variables excretion (E) and retention (R) 
(Chapters 2, 3 and 5), since the physiological dead space fraction is equal 
to (1-E/R). 
CONCLUSIONS 
In a model with a fixed anatomical dead space volume we simulated the 
influence of tidal volume, diffusion coefficient D in the gas phase, blood-
gas partition coefficient λ, and the buffering in the alveolo-capillary 
membrane and capillary blood on the ratios РЕ'/^Э' pAmax/pAmin' 1 ~ РЁ /' РЕ' 
and 1 - Ρπ/Ρχ' T^Ie e x P e r i m e n ^ a i observation that during exercise P E ' C 0 2 c a n 
exceed P
a
c o2 w a s confirmed in our simulations. It was shown that for this 
result a large tidal fluctuation in the mean alveolar partial pressure 
Рд was a necessary but not sufficient condition. The simulated functional 
dead space volumes varied as a result of stratification. The difference 
between the functional and the anatomical dead space, which is generally 
called alveolar dead space, can, at least for the model simulations, not be 
associated with ventilated but non-perfused alveoli since in our «"«'«ι яіі 
respiratory epithelium was homogeneously perfused. 
From the data presented we concluded that, for a correct analysis of gas 
transfer across the lung, the following factors must be introduced into the 
basic model: 
1) cyclic breathing rather than continuous flow as used so far; 
2) diffusion limitation in the gas phase which causes stratification, 
intra-acinal partial pressure distributions and cross-current gas 
exchange ; 
3) buffering of gas in the alveolo-capillary membrane and mucous membrane 
in the conductive airways; 
4) asymmetric branching patterns (see 2). 
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A proper qualitative understanding of these factors will permit a better 
interpretation of in vivo measurements. 
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7. BREATH BY BREATH CHANGES IN VARIABLES OBTAINED DURING HELIUM WASHOUT 
So far, we have dealt with steady-state washout of gases dissolved in 
blood. The model described in Chapter 4 was originally developed to account 
for the differences in the washout characteristics of gases which do not 
dissolve in blood but differ in the value for the diffusion coefficient D. 
The difference in D results in a difference in the alveolar slope (in lung 
function analysis also called phase III) and in the washout characteristics 
of Pg'. The transient behavior of the model described in Chapter 4, but 
without the addition of tissue volume and perfusion, has been described by 
Luijendljk et al. (1980) and de Vries et al. (1981). In this chapter' and 
Chapter 8, we will compare the washout data obtained in vivo from healthy 
volunteers, with the functional characteristics of the asymmetric branching 
model and the classical model used to account for a sloping alveolar pla­
teau by asynchronous emptying of unequally ventilated lung regions. He will 
deal here with the breath-by-breath changes in the alveolar slope, the Bohr 
dead space fraction, V D B/V T - 1 - V^/P^, and introduce the ratio of the 
mean partial pressure of the mixture contained in the lung at the end of 
expiration and the end-expiratory partial pressure, РД'/РЕ'' a s a n e w 
variable. Host of this material has been published previously by Zwart et 
al. (1982). 
7.1 METHODS 
Model I: Asynchronous emptying of unequally ventilated parallel compart­
ments (asynchronous model). 
Such a model and its properties have been described by Paiva (1975). It 
consists of at least two compartments with different specific ventilation 
rates. We have added to this model a common dead space as described by 
Weber and Bouhuys (1959) and by Wise and Defares (1959). Changes in the 
expired partial pressures during washout were calculated for the model shown 
in Figure 7.1. Dimensions and weighting factors were chosen to obtain a 
rectilinear slope for phase III, which starts with the partial pressure of 
the well ventilated compartment (2) and ends with the partial pressure of 
the poorly ventilated compartment (1). At the start of inspiration, the 
entire volume of the dead space (P-j) is emptied into compartment (2). 
7-1 
О 5 10 
number of breaths 
Figure 7.1: The model baeed ση aeynahronoue emptying of unequally venti­
lated lung aompavtmente is shown in Figure 7.1a. Compartment 1 is the 
lese well ventilated compartment. Washout aurves from this model are 
shown in Figure 7.lb. Bote, end-expiratory partial pressure (Pß'); 
airóles, mixed expiratory partial pressure (Pg). Partial pressure at 
equilibrium is arbitrarily ohosen as 1.0. Both curves oould be fitted 
xùith a straight line. 
This rather peculiar breathing pattern was chosen since it yielded a purely 
mono-exponential washout curve of the end-expiratory partial pressure and a 
multi-exponential washout curve of the mean-expiratory partial pressure. 
This allows a simple comparison of the two types of washout curves in the 
semi logarithmic graph shown in Figure lb. The relative slope of the first 
breath of washout was chosen as 5.0%/l. In this model, the partial 
pressures of compartments (1) and (2) as a function of breath number 
(n + 1) become, respectively: 
P^n + 1 ) - ν-,Ρ^ηί/ίν., + V T 1) 7.1 
(V2P2(n) + VDP1(n))/(V2 + V T 2 + V D) 7.2 
residual volume of compartment 1(1.43 1) and 2(1.07 1), 
respectively. 
volume of common dead space (0.15 1) 
volume of fresh air entering V 1 and V2(0.2 1), 
respectively. 
partial pressure for breath number (n) in compartments 
1 and 2, respectively. 
P2(n + 1) 
where : 4-\, Vj 
VT1' VT2 
P1(n)/P2(n) 
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The slope, Bohr dead space fraction and РД'/РЕ' become: 
Û P E / V " (p1 " V / i ^ T l + VT2)P^ =• Π - PJ/P^/ÍVT, + VT2) 7.3 
VD/B/VT - ! - ( ( ? , + P2)/2P1)(VT1 + VT2)/(VT1 +
 т 2 + VD) 7-4 
Ρ
Α
·/Ρ
Ε
· - (1 + (Pj/P^ÍVj/tV, + VD))IV¡ + ці/С , + V2 + VD) 7.5 
where: PE' = P1 (the poorly ventilated compartment) and PA' » 
(P2V2 + p1 (v1 + VD ) ) / ( V1 + v2 + ^ 5 · 
Figures 7.2a, 7.2b and 7.2c show for this model the calculated time depen­
dent behavior of the slope, the Bohr dead space fraction and РД'/РЕ'' 
respectively. In Figures 7.2a and 7.2b, a monotonous increase with breath 
number is apparent, whereas Figure 7.2c shows a monotonous decrease with 
breath number. All three variables asymptotically approach a constant ter­
minal level. Ihis terminal level can be derived from the ratio P2(« )/?·)(« ) 
with eqs (7.1) and (7.2) Weber and Bouhuya (1959) showed that in a system 
with common dead space the mixed expired washout curve becomes mono-exponen­
tial which means that for the limit with η going to infinity we have: 
p^nVP^n + i) - P2(n)/P2(n + i) - ν-,Λν., + vTll 
Inserting this relation into eq (7.2) yields: 
Р г і " ) / ? ! ( - ) - ((
 2 + т 1 + VD)(1 + VTÌ/V^ - V2) 7.6 
. ^PE/PE (vu) 
> 31. 
/ » 30. 
15. 
, ·" 29. 
·' 
28. 
δ] .' © 
27. 
0 5
 10 о 5 10 0 5 10 
number of breaths 
Figure 7.2: Derived агіаЫев ae funatione of the number of breathe 
obtained bfith the model dioplayed in Figure 7.1a. Figure 7.2a ehotìe the 
relative elope of the alveolar plateau in per aent per liter, ЬРЦ/РЕ'· 
Figure 7.2b ebowe the Bohr deal epaae fraation, 1 - Pg/?^'· Figure 7.2o 
ehowe the ratio of the mean partial preeewe retained in the lung at the 
end of expiration and the end-expiratory partial preeewe, fy'/fV· 
Inserting eq (7.6) into eqs ( 7 . 3 ) , (7.4) and (7.5) then y ie lds the asymp­
t o t i c boundaries of LV^/V^'· VD/B/VT and Р Д ' / Р Е ' / respect ively. 
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In conclusion. 
When in a two compartment model with asynchronous emptying the contribution 
of the poorly ventilated compartment to the expired air increases towards 
the end of expiration the following gradual changes occur during the 
washout process: APg/Pg' is positive and increases each breath, V D B/V T 
increases and РД'/РЕ' i s smaller than one and decreases. 
When the contribution of the poorly ventilated compartment to the expired 
air decreases towards the end of expiration then APg/Pg' is negative and 
becomes more negative, V D B V T decreases and РД'/РЕ'
 І З
 larger than one and 
increases during the washout process. 
Model II. Asymmetric branching patterns in synchronously emptying, homoge­
neously distending lung compartments (asymmetric model). 
The process causing the sloping alveolar plateau for gases which do not 
dissolve in blood is analogous to that causing parallel partial pressure 
differences described in Chapters 4 and 6 for gases dissolved in blood. The 
process is illustrated in Figure 7.3. From a common parent branch (0), two 
branches (1 and 2) supply different distal volumes (V-) < V2). 
40 -® 
\ 
\ 
I 
\ / 
V2. p2 I V _ 
® ^ ^ ^ ® ._ 
Figure 7.3: Conveative flow (eolid arrow) and traneport by diffueion 
(daehed arrow) in a model with aeymmetvia hranohing. Figure 7.3a ehowe 
that during inepiration a net traneport of дав by diffueion takes place 
from branch 1 into branch 0 from where it ie ewept with the bulk flow 
into branah 2 resulting in a partial preeeure difference CPj < P^ J. 
Figure 7.3b ehowe that during expiration a net traneport of gas by dif­
fueion takee plane from branah 2 towarde branah 1, thue gradually 
deareaeing the difference Pg - Pj in the couree of expiration. 
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As a result of the asymmetric branching a difference in convective flow 
velocity between branches 1 and 2 occurs. When during inspiration the gas 
transport by convection in branch 1 is less than the counter-directed gas 
transport by diffusion a net mass flow of the gas under consideration will 
leave branch 1 and enter into the last compartment of the common parent 
branch and from there will be swept into branch 2 by the bulk flow. 
This creates a partial pressure difference between the distal volumes of 
branches 1 and 2 (P^ < P2). During expiration, this process is reversed and 
this results in a gradual increase in the partial pressure in the common 
branch (0), as reflected in the sloping alveolar plateau. 
Luijendijk et al. (1980) showed that the slope obtained depends on the 
branching pattern and the diffusion coefficient. De Vries et al. (1981) 
showed that the relative slope of the alveolar plateau in such a model is 
almost constant for consecutive breaths except for a small initial 
increase. This is also found for the Bohr dead space fraction and for the 
ratio РД'/РЕ'* Ihis initial rise is caused by the establishment of quasi-
steady state in the ratio P·)/!^ which is unity at the start of the washout. 
This establishment of quasi-steady state takes only one or two breaths in 
the proposed model, which is in agreement with the results reported by 
Paiva et al. (1982). 
In conclusion 
In the asymmetric model àPE/VE' is positive and РД'/РЕ' is larger than one 
and may increase only the first couple of breaths which also may happen with 
VD,B/VT. 
7.2 EXPERIMENTAL SET UP 
Ten male and ten female subjects without a known history of pulmonary 
disease were studied during rest while sitting upright. Each subject per­
formed three He washout procedures at different breathing rates (10 min - 1, 
20 min - 1 and one freely chosen) in order to alter the tidal volumes. At 
breathing rates of 10 min - 1 and 20 min - 1, the subject was asked to breathe 
synchronously with a chronometer. After equilibration with a 5 per cent He 
in air mixture, washout was started by switching the inlet valve to room 
air during expiration. The He and CO2 concentrations were measured simulta-
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neoualy using a Perkin-Elmer mass spectrometer. Expiratory flows were 
measured with a Fleisch pneumotachograph (Godart). Data were stored on 
disk. End-expiratory partial pressure, Pg'»mixed expired partial pressure, 
Pg, mixed expired partial pressure of consecutive subvolumes of 100 ml, 
pïi' a n d t o t al expired volume were calculated for each breath with a 
PDP11/03 computer. The relative slope of the alveolar plateau was 
calculated for each breath for the last expired 20 to 30 per cent of the 
tidal volume from P ^ and Pg', i.e., APJ/PJ.' in per cent per liter. The Bohr 
dead space fraction, 1 - I^/Pg*, was calculated for each breath until Pg' 
decreased below 10 per cent of the initial level. Functional residual capa-
city, FRC, was calculated by summation of all the He expired during the 
washout procedure and dividing this summation by the partial pressure at 
the start of washout, Pj·--, yielding: 
η _ ._ .._ _ .. ..
 7 - 7 
FRC - ^
 Е:і
Р|.,/(Р
Ее<1 - Рд'Сп)) 
where : VE^ » expired volume of breath number j 
Рд'(п) =• mean partial pressure contained in the lung at the end of 
expiration. 
Since P^'Cn) is unknown, we used Pg'Cn) instead. The remaining error in the 
FRC can be neglected, since we continued the summation until Pg' was 
smaller than five per cent of Pge,,- Assuming the FRC to be constant on a 
breath-by-breath basis, we can rearrange eq.(7.7) to yield Рд'· For breath 
number k, we obtain: 
PA' (k) - P E e q -.Σ VjjPJj/FPC 7.θ 
Breath-by-breath variations in the Bohr dead space fraction for each 
washout curve were studied 1) as a function of time after the start of 
washout, 2) as a function of the expired tidal volume, and 3) by comparison 
with the simultaneously measured COj Bohr dead space fraction. 
The difference between the He and CO2 Bohr dead space fractions, 
Pg/Pg' (COj) - Pg/Pg'CHe), was studied as a function of time after the 
start of washout. For experiments in which the difference Pg/Pg'tCC^) -
Pjjj/Pg'fHe) increased with time, we also studied the changes in the alveolar 
slope by taking the difference between the He and CO2 slope, APjj/Pg'ÇHe) -
ДР
Е
/Р
Е
МСО 2). 
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Washout experiments in which the tidal volume changed more than twofold 
(VEjnax/VQn:^n) were omitted from the final analysis· This decreased the 
total number of analysed washout procedures to 50· 
The analysis of РД'/РЕ' required a correct analysis of each breath during 
the washout procedure due to the summation of the excreted mass during the 
washout procedure to obtain the FRC with eq (7.7). nils further limited the 
total number of analyzed washout procedures for Рд'/Рв' t o 48. 
7.3 RESULTS 
Figure 7.4 shows the resu l ts of 1 - Pg/PE'(He) as a function of time for 
f ive washout experiments performed in two subjects ( 3 , 4 and 5, 6, 7, 
respect ive ly ) , which are representative for the majority of the experi­
ments. The apparent time dependent increase in experiment 7 did not resul t 
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Figure 7.4: The He Bohr· dead враае fraation obtained during washout experi­
mente in two individuale (3,4 and 5,6,7, reepeetively). Only experiment 
7 ehowe a marked increase in 1 - Pg/PE'. Ve return in Figurée 7.S, 7.6 
and 7.7. to the oaueee for the vaiñatione in 1 - P^/Pj' (He). Note the 
lacking data point in experiment 4 at 40 seo tihieh nude experiment 4 
one of the experimente which could not be used in the analyeie of FA'/^E'' 
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from the washout behavior as described with model I, because the difference 
in the He and C02 Bohr dead space fractions did not show a time dependent 
increase as shown in Figure 7.5. This will be explained in the discussion. 
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Figure 7.5: The diffevenae between the He and CO2 Bohr dead epace fraetione 
during the вате waehout experiments used in Figure 7.4. Vote the 
deoreaee in variation ae compared bath Figure 7.4. 
The apparent time dependent increase found in experiment 7 (Figure 7.4) and 
the large variation seen for experiment S (Figure 7.4) could be fully 
ascribed to changes in tidal volume. This is shown in Figure 7.6a, where 1 
- Pg/Pg'fHe) is plotted as a function of V E
- 1
. The straight line in Figure 
7.6a is the regression line of the 21 experiments in male subjects which 
showed no increase in time in the He and COj Bohr dead space difference. In 
Figure 7.6b, the relationship between the He and CO2 Bohr dead space frac­
tions is shown together with the regression line of the 43 experiments in 
male and female subjects. The statistical data of the He Bohr dead space 
fraction as a function of the reciprocal expired volume or the CO2 В о^г 
dead space respectively are given in Table 7.1. The remaining random 
variation in experiments 5, 6 and 7 was caused by cardiogenic oscillations. 
This is illustrated in Figure 7.7 where the simultaneous expiration curves 
of He and CO2 during the first 11 breaths of washout are plotted as a func-
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Figure 7.6: The same minee of 1 - Pß/PE'(He) as used in Figure 7.4, 
plotted in Figure 7,6a as a function of 1/VE and in Figure 7.6b as a 
funation of 1 - Pg/PE'(C02} ' The solid line in Figure 7.6a shows the 
regression line obtained from all male data used in this study, not only 
from the data depicted in Figure 7.4. The solid line in Figure 7.6Ъ 
shows the regression line obtained from all rmle and female data used in 
this study. For details of calculations of these repression lines we 
refer to Chapter 8. 
Sex 1-Ρ£/Ρ
Ε
·{Ηβ) SDE VE(1) 
m 
m 
f 
f 
m+f 
0.102 Vg"1 + 0.081 0.024 0.87 0.43 < V E < 1.47 21 
0.965 (l-PÜ/Pg'ÍCOjn-O.Oa? 0.012 0.97 
0.057 Vg-1 + 0.099 0.030 0.70 0.42 < VE ^ 1.42 22 
0.898 (1-P¿/PE,(CO2))-0.021 0.014 0.94 
0.940 (1-P¿/PE ,(CO 2))-0.047 0.010 0.97 0.42 < V E < 1.47 43 
Table 7.1: Linear regression of 1 - Pf/Pg'ÍHe) with Vj.-1 or 1 - Pg/Pg'CCOj) 
as the independent variable. SDE = standard deviation of the estimate. 
r » coefficient of correlation. No linear correlation was attempted on 
the combined male + female group with VE"1 since there was a significant 
difference between the separate groups. 
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tion of the expired volume. The development of cardiogenic oscillations in 
the helium partial pressure during the first four breaths of washout is 
clearly demonstrated. In this subject, the oscillations of He and CO- were 
180° out of phase. However, this was not seen in all investigated subjects 
in which cardiogenic oscillations were detected. The 180° phase difference 
in the subject shown in Figure 7.7 magnified the apparent remaining 
variation in the difference Pg/Pg'fCOj) - PJ/Pg'tHe) i
n
 Figure 7.5. 
*1 ~ 
-> VOLUME 
HELIUM 
C02 
Figure 7.7: Hormaliaed expiration aurvee of He (uninterrupted linee) and 
CO2 (dashed lineai obtained in exp. 6 (eee Fig. 7.4 and 7.S). On the 
аЪаівва ie plotted the momentary expired volume V^(t) divided by the 
total expired volume of that breath. On the ordinate is plotted the 
momentary partial preeeure divided by the end-expiratory partial 
pressure of that breath. Breath number 0 was the laet breath of the 
equilibration period. Vote the build up of cardiac osaillations in the 
He curve during breathe 1, 2, 3 and 4. ilote furthermore that the 
oscillations in the He curve are shifted by 180° against the oscilla­
tions in the CO2 partial pressure. This shift is the main cause for the 
large remaining variation in experiments 6 and 7 shown in Figure 7.S. 
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A different behavior was found in the remaining seven washout experiments/ 
where we detected a typical increase in the difference between the He and 
CO2 Bohr dead space fractions as a function of time. Four of these experi­
ments were done in four subjects and the washout showed a short timo 
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Figure 7.8: Diffevence between the He and COg Bohr dead apaee fraationa 
showing α marked inareaee during washout as obtained in four individuale 
displayed ση the left. Experiment 2 uae obtained in the same individual 
as used for experiments 3 and 4 displayed in Figures 7.4 and 7.5. On the 
right side, the difference between the He and CO2 alveolar slopes are 
shown. Dashed lines show the first or second order regression function. 
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constant (hyperventilation) in each case· The difference between the He and 
COj Bohr dead space fractions as a function of time for these four subjects 
is shown in Figure 7.8, together with the simultaneous change in the dif­
ference between the He and C0 2 slopes related to the terminal 20 to 30 per 
cent of the expiration. The remaining three experiments, which showed a 
marked increase in the difference between the He and CO- Bohr dead space 
fractions as a function of time, were done in one individual. The results 
of these three washout experiments are shown in Figure 7.9. In the seven 
washout experiments in which a time-dependent change in the difference 
between the He and COj Bohr dead space fractions was detected, we calcu­
lated the first and second order regressions for the differences in He and 
COj Bohr dead space fractions and slopes, respectively, with time as the 
_^ t sec 
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Figure 7.$: The вате αβ Figure 7.8 now dieplaying the three aaehout 
experimente obtained in one individual. 
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independent variable. We used second order regression as a function of time 
if the data were compatible with the convex curvature depicted in Figure 
7.2· If the second order regression as a function of time yielded a concave 
curvature, we have given the results of the linear regression instead. Sta­
tistical data of the individual washout experiments depicted in Figures 
7.6, 7.θ and 7.9 are given in Table 7.II. 
No. AVD SD VE(1) Δν 0 
-0.048 
-0.031 
-0.040 
-0.039 
-0.049 
0.015 
0.007 
0.011 
0.014 
0.021 
3 0.70 < V E < 1.05 
4 1.13 < V E < 1.43 
5 0.43 < V E < 0.69 
6 0.64 < V E < 0.91 
7 0.47 < V E < 0.67 
No. г д р SDE VE(1) гД slope SDE slope 
2 0.98 0.009 0.70 < V E < 0.94 0.51 10.1 
19 0.92 0.015 0.89 < V E < 1.22 0.61 8.1 
21 0.92 0.010 0.85 < V E < 1.03 0.85 7.4 
 в 
0.97 
0.92 
0.93 
0.88 
0.008 
0.010 
0.020 
0.016 
27 0.79 < V E < 1.01 0.67 7.9 
32 0.70 < V E < 1.10 0.70 7.9 
33 0.86 < V E < 1.40 0.77 7.9 
34 0.57 < V E < 0.85 0.90 8.4 
Table 7.II : Statistical data of individual washout experiments. Experi­
ments 3 through 7 are representative for the 43 washout experiments 
which showed no time dependent change in 1 - P^/Pj.' (He) as was seen in 
the other 7 experiments. Δν 0 » mean difference in Pg/Pj-'fC^) - Pj/Pj-MHe); 
r Δν 0 - correlation coefficient of the first or second order regression 
function of AVQ/VJ. with time; r Aslope » correlation coefficient of the 
first or second order regression function of ΔΡ
Ε
/Ρ
Ε
'(Ηβ) - APj/Pjj'tCOj) 
with time; SDE slope =• standard deviation of the estimate of the slope. 
The results of Рд'/Рв' obtained in three individuals are shown in Fig. 7.10, 
i.e.. A: (B, 9, 10); B: (14, 15, 16); C: (32, 33, 34). Further information 
on the washout experiments of individuals λ and В is given in Table 7.III. 
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The results obtained in individual A show a value of Р Д ' / Р Е ' which is inde­
pendent of time and which is slightly greater than one. The variability in 
the results for individual λ was extremely low, as can be seen from the 
standard deviation in the Д
 0 given in Table 7.III. The results for indivi­
dual В show a specific initial increase in Р Д ' / Р Е ' which reaches a constant 
value. The resalte for individual С (see also Figure 7.9) show an initial 
increase in P^'/Pg' which is followed by a rapid decrease. In experiment 
33 and 34 the maximum in Р Д ' / Р Е ' reached the extremely high value of 1.83 
and 2.05, respectively. We failed to find an error in the procedure which 
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Figure 7.10: The vatio of the mean partial pressure retained in the lung 
at the end of expiration and the end-expiratory partial preesure, 
PA'/Pg' · Individuale A and В did not shou a time dependent change in 
the He Bohr dead space during washout. In oontrast individual С showed 
an increase in the He Bohr dead space, as was shown in Figure 7.9. 
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could have caused the high values. For the 41 experiments in which the dif­
ference between the He and COj Bohr dead space fraction was independent of 
time, we determined РД'/РЕ' from breaths 2, 3, 4 and 5. The values were 
always positive, with a mean value of 1.12 + 0.07 for the pooled male and 
female data. 
A 
В 
No 
a 
9 
10 
14 
15 
16 
Δ ν
0 
-0.041 
-0.030 
-0.047 
-0.050 
-0.064 
-0.053 
SDE 
0.004 
0.008 
0.003 
0.011 
0.024 
0.008 
0.44 
0.57 
0.43 
0.78 
1.01 
0.65 
< 
« 
^ 
< 
< 
<; 
vEi 
VE 
VE 
VE 
VE 
VE 
VE 
tl) 
< 0.59 
< 0.88 
< 0.62 
« 1.05 
< 1.23 
< 0.83 
Table 7.Ill: Statistical data of individual washout experiments presented 
in Figure 7.10 for individuals A and В (Data for individual С are given 
in Table 7.II). Д
 0 - mean difference in P5/PE'(CC^) - I^/Pg'(He). 
7.4 DISCUSSION 
We performed washout experiments in spontaneously breathing resting sub­
jects in the upright position. In 43 of 50 washout experiments we found no 
increase with time in the difference between He and CO2 Bohr dead space 
fractions, which agrees with the behavior of the asymmetric model and 
disagrees with the asynchronous one as described in paragraph 7.1 methods· 
Furthermore, a decrease in ?&'/?£' from the first breath on was not 
observed in any experiment. 
Before concluding whether these observations can be interpreted in favor of 
the model where asymmetric branching with synchronous emptying causes the 
alveolar slope, we have to evaluate the sensitivity of the methods. We will 
therefore compare the techniques using the difference in the He and 
CO2 Bohr dead space fraction and РД'/РЕ' with other existing techniques· 
The classical technique for detecting a distribution of ventilation rates 
is the multiple exponential fitting technique described by Fowler (1949). 
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This technique is relatively insensitive due to the well known problem of 
separating exponentials in general and to the influence of common dead 
space which further minimizes the separability· Paiva (1975) showed that 
the changes in the alveolar slope during the washout might be a more sen­
sitive technique. It follows directly from the definition of the Bohr dead 
space fraction, (1 - P^/Pg')/ that changes in the slope of the alveolar 
plateau are also reflected in changes in the Bohr dead space fractions· In 
our calculations for the asynchronous model the volume of compartment I 
(1.43 1) was slightly larger than that of compartment II (1.07 1) and both 
compartments were ventilated with the same amount of fresh air· The effect 
of this small difference was furthermore diminished by the emptying of the 
dead space volume filled with gas from compartment I into compartment II at 
the start of inspiration. Despite this minimal difference, we calculated a 
change in the relative slope of from 5 per cent to 2Θ.9 per cent per liter 
during the first eleven breaths of washout. The Bohr dead space fraction 
increased from 0.280 to 0.315 and РД'/РЕ' decreased from 0.992 to 0.953 in 
the same period. Hence our calculations fully agree with those of Paiva 
(1975), in that the change in slope of the alveolar plateau should be the 
most sensitive variable for detecting asynchronous emptying of unequally 
ventilated lung regions. In the in vivo experiment, breath-by-breath 
changes in the tidal volume and gradual unidirectional changes in the tidal 
volume merge with the theoretical behavior described above. In the majority 
of our washout experiments, we found that the variation in the He Bohr dead 
space fraction can be well correlated with the inverse of the expired 
volume. Even better is the correlation between the He Bohr dead space frac­
tion and the simultaneously measured CO2 Bohr dead space fraction, which 
could be described by a regression function for both the male and the 
female data with a correlation coefficient of 0.97 and э, standard error of 
the estimate of 0.01. For details of the regression function we refer to 
Chapter 8, data of series II and Figure 8.5. This standard deviation is 
surprisingly small if we realize that the He and CO2 Bohr dead space frac­
tions both result from a calculation using Pg and Pj.' . Because the cap-
nogram is not altered by the He washout process, we may conclude that the 
variations in the He Bohr dead space fractions due to variations in tidal 
volume are confidently reflected in the variations in the COj Bohr dead 
space fraction in the majority of our experiments. 
The РД'/РЕ' w a s larger than one In 41 experiments (out of 48, see methods 
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last sentence) in which the difference between the He and CCU Bohr dead 
space fraction was independent of the time. This is in good agreement with 
the asymmetric model. For the asynchronously emptying model, it would mean 
that in all of these experiments the fractional contribution of the slow 
compartment to the end-expiratory partial pressure was smaller than the 
fractional volumetric contribution of the slow compartment to the FRC. 
We now turn to the results of the seven washout experiments which showed an 
increase with time in the difference between the He and CO, Bohr dead space 
fractions· The increase in the difference between these dead space frac­
tions was in the order of 0.10, which is much larger than in our model I 
simulation. First and second order regressions resulted in a correlation 
coefficient which varied between 0.88 and 0.98 for the individual washout 
experiments and a standard error of the estimate in good agreement with the 
standard deviation in the difference between the He and COj Bohr dead space 
fractions in the other 43 washout experiments. The simultaneously deter­
mined change in the difference between the slopes of the He and 
CO2 alveolar plateaus is in the order of 30 per cent per liter, which is 
slightly larger than in our asynchronous model simulation. However, except 
for washout experiment 34, the correlation coefficient is much smaller than 
that obtained from the difference between the He and COj Bohr dead space 
fractions. We conclude that the difference between the He and CO2 Bohr dead 
space fractions is a more sensitive method for detecting time dependent 
phenomena in the washout procedure than the difference in the He and 
CO2 slopes. The time dependent variation in the difference between He and 
CO2 Bohr dead space fractions and in P A ' / P E ' suggests the presence of 
sequential emptying in the seven washout experiments shown in Figures 7.8 
and 7.9 and for individual С in Figure 7.10. 
Additional evidence for sequential emptying is obtained from the fact that 
in individual C, experiments 32, 33 and 34, the CO diffusing capacity was 
determined to be only 40 per cent of the normal value, although all other 
lung function tests were in the normal range. 
The remaining four experiments of the seven with time dependent changes in 
V D B/VE(He) were all characterized by a very short time constant of the 
washout due to hyperventilation. These observations during increased ven­
tilation are in agreement with the sigmoid relationship of lung volume 
against transpulmonary pressure. Increased inspiration would move the 
working point on the curve for the top lung region into the flat portion of 
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the curve, causing a low ventilation rate in combination with late emptying 
of thia lung region. We may therefore conclude that in the other 43 experi­
ments, no sequential emptying of unequally ventilated lung regions exists· 
The initial increase in РД'/^Е' as shown in Figure 7.10 (individual C) 
followed by a decrease in P^'/Pg' in the terminal part of the washout 
experiment to below the value 1 showed that early in the washout experiment 
the characteristics of model II prevail even though asynchronous emptying 
according to model I occurred. In the single breath procedure, the slope of 
the alveolar plateau will probably be a result of both model charac­
teristics because this procedure is usually performed with a deep inspira­
tion, thus evoking the sequential emptying pattern described above. 
Final conclusions 
a) In 43 of 50 experiments performed in quietly breathing normal subjects 
the time dependent behavior of V D g/VgfHe), РД'/РЕ' and the sloping alveolar 
plateau were in agreement with the predictions of a lung model with asym­
metric branching patterns and synchronous emptying. 
b) In the remaining experiments, overall helium washout behavior was better 
described with a lung model based on asynchronous emptying of unequally 
ventilated lung regions. The initial increase in РД'/РЕ' which was detected 
in these experiments and which was followed by a decrease to a value lower 
than 1.0 showed, however, that the influence of asynmietric branching could 
not be neglected in these cases either* 
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θ. CHARACTERISTICS OF SEVERAL FUNCTIONAL DEAD SPACE FRACTIONS DURING HELIUM 
WASHOUT. 
In this chapter, vre will discuss the characteristics of differently defined 
functional dead space fractions calculated from washout procedures obtained 
in one subject or in a group of subjects· Using the same models as 
discussed in Chapter 7, i.e., the asynchronous model consisting of 
asynchronously emptying unequally ventilated compartments and the asym­
metric model based on synchronous ventilation of asymmetric branching air­
ways, we will derive the consequences of these models for the different 
dead space fractions and compare these consequences with the results 
obtained in vivo. 
8.1 METHODS 
Experimental procedures. 
Two series of observations were made. In series I, performed in Utrecht, 
the breathing rate, f, and expiratory volume, VE, were changed by varying 
position or exercise conditions. In series II, performed in Rotterdam, all 
subjects were investigated in the upright resting position at three levels 
of f. 
Series I· Three naie subjects without a history of lung disease were 
investigated in three positions in the following sequence: resting upright 
on the cycle ergometer, supine and position in rest 90 Watt ergometer exer­
cise in the upright position· The measurements were repeated for 10 con­
secutive days. The subjects breathed in a double bag-in-box system 
connected to a wedge spirometer (Med. Science 750) for volumetric measure­
ments, breathing at their own frequency as regularly as possible. They 
started breathing from the bag filled with a mixture of air and helium 
until helium equilibrium was attained. The inlet of the mouthpiece was then 
switched during an expiration to the bag filled with fresh air to start the 
washout. Alternating inspiratory and expiratory levels of CO2 and helium 
were determined with a mass spectrometer (Balzers QMG 511) by sampling from 
the mouthpiece. The output signals of the wedge spirometer and mass 
spectrometer were stored on analog tape. Expiratory volume and mean- and 
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end-expiratory partial pressures were calculated on a breath-by-breath 
basis after off-line Α-D conversion. The computer program allowed for 
corrections for the time difference between flow and partial pressure 
measurements and the time constant of the mass spectrometer· 
Series II. The data used in series II were obtained from the 43 experiments 
described in Chapter 7 for which we found no time dependent change in the 
difference in helium and CO2 Bohr dead space fractions. 
Dead space fractions 
Bohr dead space fractions, V D B/V E were calculated from the mean and end-
expiratory partial pressures of helium and carbon dioxide, respectively. 
For each experiment, the results of breaths 2, 3, 4 and 5 were averaged. 
It should be realized that taking the mean value of these breaths is per­
mitted only in the absence of a systematic time-dependent behavior of 
V D B/VE(He) during the washout process· This aspect was discussed in detail 
in Chapter 7 and resulted in the selection of the 43 experiments of series 
II. 
Washout dead space fraction, V D „/Vg, was obtained as illustrated in Figure 
8.1. For each breath (i), the mean expiratory partial pressure of helium 
was calculated and normalized as a function of the equilibrium level, РЕет· 
The use of PE
e a
 avoids the influence of differences in temperature and 
water vapor between the inspiratory and expiratory gas mixtures and the 
influence of a respiratory quotient not equal to 1.0. 
The logarithm of РЁ^'/Рвео w a s P l o t t e d a s a function of time, ^ - L^ T(i), 
with T(i) the duration of breath i. As a consequence, the start of the 
first inspiration during the washout procedure is taken as t « 0. Data 
points of breaths 2 through 5 were connected with a linear or slightly 
curved line (depending on the overall course of the washout curve) and 
extrapolated back to time t - 0. The intersect of the extrapolated line 
with the ordinate yields the fraction Р Ё ( 0 ) / Р
Е
„ . The washout dead space 
fraction becomes by definition V D / W/V E =» 1 - ^lO)/'PEe„. In a similar way 
we plotted the ratio of the end-expiratory partial pressure, Pj-MiJ/Peeq' 
as a function of time to obtain the washout dead space fraction in the end-
expiratory sample, Vp
 W'/V£· The intersect of the back extrapolated curve 
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Figure 8.1: AatuaL data pointe of Pg' (dote) and РЩ (oiralee) obtained 
during a helium washout experiment. Washout dead epaae fraatione are 
obtained by book extrapolation of the curve to the ordinate. Stare are 
hypothetiaal data pointe which aorreepond to the prediction Vp β/ν^(Ηβ) 
> Vp u/Vß. Fitting theee hypothetical data either gives a negative value 
of Vp
 a'/Vg or a convex curvature which is inaompatible with a multi-
exponential washout behavior. Ihe significance of theee hypothetical 
data ie considered in the discueeion. 
through P E ' Í Í ) / ? ^ ™ with the ordinate yields the fraction Pg'(0)/PEe_. The 
end-expiratory washout dead space fraction is VDfW'/VE » 1 - P^'{0)/Ρ
Σ&^. 
Data obtained in vivo. 
Series I. Data points for V D „/Vg as a function of V E for each of the three 
individuals are shown in Figure 8.2. Table 8.1 gives the mean values and 
their statistical properties for each subject as well as for the pooled 
data. 
Series II. Data points for V D «/Vg are shown in Figure 8.3 and data points 
o f VD B^E ^ H e' a n d VD B/ VE ^ C O 2 ' a r e s h o w n i n Figure 8.4. Table 8.II gives 
the mean values and statistical properties of the data pooled for male and 
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Figure 8.2: Washout deed spaae fmation, 7pttí/Vgt ae a funation of the 
expiratory volume, Vg, for the three individuals А, В and С from series 
I. The three different conditions are indioated as follows. Resting 
upright (Δ), resting supine (a), upright 90 W exercise (о). Half filled 
symbols indioate the range of breathing rates 9.0 <, f < 23.0. Dots 
indicate the range of breathing rates 18.0 ^ f ζ 23.1. Horinnontál 
lines indicate the mean value + 1 SD 
Table 8.1 
Subject η V D f W/V E + SD V D f W/V E-f(V E) + SDE V E in liters 
A 27 0.24 + 0.06 0.266-0.028VE + 0.06 (r = 0.233) 
В 26 0.26+0.05 0.246+0.011VE + 0.05 ( r - 0.176) 
С 22 0.28 + 0.06 0.173+0.086VE + 0.05 (r - 0.400) 
Pool 75 0.26 + 0.06 0.235+0.016VE + 0.06 (r = 0.178) 
and female subjects/ respectively. The relation between V D / B/V E(He) and 
V D gCCOj) is shown in Figure 8.5. The regression line can be described as: 
V D f B(He) - 0.94 V D f B(C0 2> - 0.030 [SDE - + 0.010 and r - 0.970] where SDE 
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is the standard deviation of the estimate. In a search for a possible com­
mon factor in the variation around the mean value of V D „/ Е and the 
variation around the regression line for V D B/v E(He), we calculated the 
standard deviation of the paired differences (SDA) by means of the 
following equations : 
Δ
 "
 vD,w/vE ~ v D , B ( H e ) + 0.102/VE [+ SDA] for males 
/V E - V D B(He) + 0.057/Vp [+ SDA] for females. "Ο,Β/^Έ VD,B 
For both males and females SDA was 0.036. 
In 41 experiments we determined РД'/РЕ' ( s e e chapter 7). Taking the mean 
value of breaths 2, 3, 4 and 5, the pooled data for males and females 
yielded РД'/РЕ' " 1 · 1 2 1 0· 0 7· 
8.2 DISCUSSION 
Data analysis 
Washout dead space fractions/ V0
 W/V E. In series II, we found that the SD 
in V D ад/V-g was of the same order of magnitude as the SDE in V D B/VE(He) in 
v D . w /v E 
.30. 
.20. Од о 
1.0 
.30 
.20. 
— ι 
1.5 
-* VE(l) 
1.0 1.5 
- V E { l ) 
Figure 8.3: Waehout dead space fvaation, VD j/Vg, as a funation of the 
expivatovy volume, Vg, from eeriee II. Hovinsontal tines indieate the 
mean values + 1 SD. 
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Table 8.II male female 
η 19 24 
VD,w / VE 0 · 2 6 І 0 · 0 4 0 · 2 1 ± 0-025 
VD,w'/VE 0.63 O . O O ^ V D ^ V V E ^ O . 1 2 0.39 О - О О ^ ^ ' А ^ О . 11 
V D f B/V E(He) (VE 1) Ο.βΐ + 0.102 Vg
- 1
 0.99 + 0.057 VE"
1 
SDE 0.24, r - 0.Θ7 SDE 0.030, г = 0.70 
V D ( B/V E(C0 2) {VE 1) 0.127 + 0.101 Vjf1 0.104 + 0.83 V B - 1 
SDE 0.024, r » 0.84 SDE 0.026, г - 0.82 
FRC (1) 2.946 + 0.427 2.345 + 0.430 
SDA + 0.036 + 0.036 
both the male and female groupa. We concluded therefrom that the visual 
fitting procedure applied to obtain V D „/ Е, did not introduce an addi­
tional random error. Itterefore, the application of a more sophisticated 
fitting procedure, i.e., the multi-exponential fitting as described by Tsu-
noda et al. (1972) and Lewis et al. (197 ), could not improve the estimate 
of V D W/V E. On the contrary, several washout experiments showed a gradual 
increase in the ventilation yielding a washout curve which was incompatible 
with a multi-exponential function. 
An almost constant washout dead space fraction was obtained in a wide range 
of tidal volumes for the individuals in series I, for the pooled data in 
series I and for the male and female groups in series II. The individual 
results in series I justified the pooling in series II. 
A significant difference existed between the values of the washout dead 
space fraction of the male and female group, respectively (p < 0.05). 
Ko relationship was found between V D „/Vj. and FRC. In series I changes in 
V E and f were induced by alterations in position and exercise level. No 
relation was found between V D зд/Vj. and f. This is illustrated in Figure 
8.2 (subject A). A slight increase in V E (VE, 1.3 1) resulted after tran­
sition from rest to exercise but was accompanied by a nearly twofold 
increase in f. This change in f did not result in a change in V D W/V E. Data 
from series II could not be used to identify a possible relation between 
V D W/V E and f since in series II f was altered in order to vary VE. The 
large range of expiratory volumes found for each individual in series I 
together with an almost constant value of V D / W/V E implies a large variation 
in the functional washout dead space volume (100 cm 3 ^ V D w < 700 cm
3
 for 
individual B). We will return to this point in the section "Lung models and 
their consequences on washout behavior". 
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End-expiratory washout dead space fraction, V D W'/VE, was recovered in the 
majority of the experiments and varied from 0.00 to 0.12. We have given 
this minimum-to-maximum range rather than S.D. in Table 8.II because the 
female data for V D W'/VE showed a very skewed distribution. Observations of 
end-expiratory washout dead space fractions have also been described by 
Roos et al. (1955) in trained individuals and patients with chronic 
obstructive emphysema, by Young et al. (1974) for subjects with obstructive 
pulmonary syndromes, and by Lewis et al. (197Θ) for normal elderly sub­
jects. 
Bohr dead space fractions, V D в/ Е. V D B/V E (CO2) shows an acceptable 
correlation with Vg-1. only a small remaining deviation of the estimate, 
with r - 0.84 and SDE - 0.024, was obtained for the male subjects, 
V D B / V E C C O j l · ^ • ^ • ^ , / w 
.3. 
2. 
.1 
V D B / V E 
.3. 
.2. 
.1 -
' _ Л _
 Е
-
1
 (i)'1 
Figure 8.4: Bohr dead epaae fraetione, V¡)tB/VE, ав a funotion of the 
reaipvoaal of the expiratory volume, Vg~l, obtained in eeriee II. Left 
ordinate refere to filled ayrribole, Vp ß/V^ CCOg^  · Right ordinate, 
Vp ß/V^fHe), refere to open eymbole. Solid and dashed linee give the 
régression linee and + I SDE lévele, reepeatively. Daehed dotted linea 
represent the mean value of Vp ц/ ^  from Figure 8.3. Note that the 
majority of the observed Vp g/VE(He) valuee is loner than this mean 
value of Vp^V-g.. 
2
 , v
c
-
1(ir1 
V
nB/VE, 
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and г - 0.82 and SDE " 0.026 for female subjects, respectively. Further­
more, there is a significant difference (p < 0.05) in V D B /
V E ' C O 2 ) f o r t h e 
male and female groups. The corresponding values for V D B are in good 
agreement with the data obtained at rest and only slightly lower than the 
data obtained during exercise as published by Douglas and Haldane (1912). 
No relation was found between V D B/VE(C02) and PRC. 
V D в/ Е^ Н в' w a s obtained, like V D в/ Е(С02), using the equation V D ß/VgCHe) 
~ 1 - ïg/Pg'. The correlation found between V D B/VE(He) and VE"'' was 
slightly lower in the female than in the male group. The high correlation 
shown in Figure 8.5 between VD;B/vE(He) and VDfB/VE(C02) for both male and 
female data indicated that the difference in slopes of the regression line 
between VDjB/vE(He) against Vj.-1 and VDfB/VE(C02) against Vj.-1 obtained for 
the female data (Table 8.II) was not significant. The high correlation bet-
ween V D B/VE(He) and V D B/VE(C02) does not support the suggestion of 
Rossier and BÜhlmann (1955) that the failure of Krogh and Lindhard (1913) 
to show an increase in the Bohr dead space with tidal volume might be due 
to their use of a blood insoluble gas (H2). 
VD,B/VE(He) 
.3. 
-*Л/ 0 Е В/ Е ( С 0 2 ) 
.3 
Figure 8.5: Vp
 B/VE(He) ae a funation of VD g/^CCOg^ for the data of 
ве іев II. Dote represent female data, oiralee repreeent rrale data. 
The straight line represente the regression funation. 
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50Δ. Palred analysis was used to search for a possible common cause of the 
variation in VD W/VE» SD and the error of the estimate of VD B/VE(He), 
SDE. In the absence of a common factor, ЗОД of the data pairs should 
approximate ((SD)2 + (SDE)2)1/2. 
((SD)2 + (SDE)2)1/2 was 0.049 and 0.039 for the male and female data, 
respectively, whereas SDA was 0.036 for both groups. The difference bet­
ween SD and ((SD)2 + (SDE' ) / was too small to indicate the existence of 
a correlation between the remaining variation in VD W/VE and VD B/V£(He). 
РД'/РЕ'- Ν0 significant difference was found between the male and female 
data, respectively. No relation was found with FRC. It should be realized 
that the first couple of breaths often showed an increase in РД'/РЕ' w i t h 
time as has been shown in Chapter 7, Figure 7.10. Taking the mean of breathe 
2, 3, 4 and 5 therefore slightly underestimates the mean value for Рд'/Р^' 
reached after full establishment of quasi-steady state. 
Lung models and their consequences 
The two models used to explain the sloping alveolar plateau have been 
described in detail in Chapters 4, б and 7. In the asynchronous model, the 
sloping alveolar plateau results from asynchronous emptying of unequally 
ventilated parallel compartments, with the slow compartments contributing 
mainly to the terminal phase of expiration. In the asymmetric model, the 
sloping alveolar plateau is based on asymmetric branching patterns which 
allows for diffusive interaction. 
Functional consequences of the asynchronous model. Functional dead space 
fractions in the asynchronous model can be described by using the Bohr for­
mulation of the mass transport equation: 
VEPi - VDPJ. + ZjVjPj (8.1) 
with j the index of the parallel compartment. 
In the Bohr dead space fraction, PE' is taken to represent alveolar partial 
pressure and eq (8.1) becomes: 
ЕРІ -
 VD,B PI + VA V <β·2> 
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It follows from eqs (8.1) and (Θ.2) that V D g/Vg does not contain the real 
dead space fraction only, since the fractional ventilation leaving compart­
ment j is divided into two hypothetical portions. One portion contributes 
to the dead space fraction at a partial pressure Pj and the other portion 
contributes to the alveolar fraction at PQ'. Since for most compartments 
P ^ P g ' it follows that Ej Vj in eq (8.1) exceeds
 д
 in eq (8-2). The dif­
ference between Ej Vj and V A is called the "alveolar dead space" in the 
case of CO2. 
During the helium washout, Pj(He) changes as a function of time and is gene­
rally described as an exponential function of time yielding for breath i 
PjU) - PEeq е-ЧАі, 
with т. being the reciprocal of the specific ventilation of compartment j. 
Realizing that Pj - 0 during the washout process and dividing both sides of 
eq (8.1) by V E and Ρ^π/ we can rewrite eq (8.1) as: 
РІШ/PEeq - E-jtV-j/VjjJe-ti/1:) (8.3) 
Hence back extrapolation of log PÊ(i)/PEeq t o t h e ordinate, t - 0, 
yields PiíOJ/Pjfeq - Σ (Vj/VE) and 
V D ^ / V E » 1 - Pi(0>/PEeq » 1 - Ej Vj/Vj, (8.4) 
Similarly we find for the end-expiratory washout dead space fraction: 
V D V / V E - 1 - PE'fO/PEeq " 1 " ^ Vj '' Ъ' 
Arguments to falsify the asynchronous model 
1 : Variation in washout dead space volume correlates with tidal volume 
(VD W/V E - constant). 
2: Washout dead space exceeds Bohr dead space. 
3: Existence of end-expiratory washout dead space, V D „'/VE. 
The three arguments will now be discussed. 
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1) V D W/V E =• constant. The increase in the expired volume of subject В 
series I implies an increase in the functional volume of V D w from 100 to 
700 cm3. Since the beginning of this century it has been generally accepted 
that the volume of the morphometrically defined anatomical dead space 
increases only very little with higher V E. The variation in the anatomical 
dead space volume on the basis of the formula of Rohrer (1915) as cited by 
Bouhuys (1964) varies from 100 ce in a collapsed lung (lung volume, 600 cm3) 
to approximately 200 cm3 (lung volume, 5000 cm 3). Hence, at expiratory 
volumes exceeding 600 cc, part of the washout dead space has to originate 
within the lobules. The main argument held against the large dead space 
volumes reported by Douglas and Haldane (1912) has always been the high 
estimate of the end-expiratory carbon dioxide level due to the continued 
gas exchange with the blood during the course of expiration. However, con­
tinued gas exchange with the blood can be neglected when using a helium 
washout technique to determine V D W/V E which furthermore does not use the 
end-expiratory levels of He. Hence this argument cannot be used to explain 
our observations of large washout dead space volumes. The alveolar dead 
space, i.e. the difference between Fowler dead space and physiological dead 
space is generally ascribed to highly ventilated, but poorly perfused 
regions of the lung. Such alveolar dead space regions should nearly 
collapse at the end of expiration and be recruited with increasing lung 
volume to contribute the washout dead space. The residual volume of such 
regions has to be minimal for a fast washout behavior, which cannot be 
distinguished from stratified dead space in a washout experiment. There­
fore, as a consequence of this reasoning, collapsible alveoli, as described 
by Lewis and Martin (1979), which are recruited when breathing at large 
tidal volumes have to be introduced. However, the existence of such breath-
by-breath collapsing alveoli in healthy volunteers seems very unlikely in 
our opinion. The explanation derived from the simulations of Luijendijk et 
al. (1980) and offered in Chapter 5 has shown that stratified inhomogeneity 
extends well into the lobules to a degree which depend largely on the tidal 
volume and the diffusion coefficient. Thus, we conclude that the variation 
in V D w is better described by the asymmetric model and is caused by 
diffusion-limited gas transport in the air phase. 
2) Washout dead space exceeds Bohr dead space. In most of the experiments of 
series II it was found that V D / W exceeded V D / B. Only at small expiratory 
volumes was V D B found to be larger than V D w, as shown in Figure 8.4. What 
8-11 
are the consequences of model I for the difference between V D # W and V D / B7 
If we ascribe the sloping alveolar plateau of the helium curve to asynchro-
nous emptying of unequally ventilated lung regions we expect to find an 
overestimation of the Bohr dead space. The reason is that the expired 
volume originating from the early emptying, well ventilated lung regions is 
divided into an apparent dead space contribution and an apparent alveolar 
contribution. In the determination of VD w, the contribution of such early 
emptying, well ventilated lung regions to Pg will be considered as alveolar 
ventilation (P£(0)/PEea). We conclude that the asynchronous model predicts 
a V D B exceeding V D w. This prediction is in conflict with our obser-
tions. Furthermore, the asynchronous model predicts an increase in the 
recovered V D g during the washout procedure, which was not found in our 
data as described in Chapter 7 and by Zwart et al. (1982). Finally the pre-
diction that V D B exceeds VD w is in conflict with the multi-exponential 
description of the washout curve. The proof of this argument is illustrated 
in Figure 8.1, which shows the actual end-expiratory and mean-expiratory 
partial pressure data for a male subject in series II. As a result of the 
logarithmic scale, we can conclude that the constant distance between the 
end-expiratory points and the mean-expiratory points represents the 
logarithm of the fraction P£/PE'(i)· The prediction of the asynchronous 
model that V D B should exceed V D w implies that the distance between the 
end-expiratory and mean-expiratory partial pressure points should not only 
be larger than the actually measured distance but should also be so large 
that after back extrapolation of these hypothetical end-expiratory points, 
the intersect with the ordinate should exceed a value of 1.0. Hence, either 
we have to accept a negative value for VD W'/VE or we have to accept that 
the curvature in the back extrapolation is convex in order to obtain an 
intersect with the ordinate at the value of 1.0. Such a convex curvature in 
the semilog plot of a washout experiment is, however, incompatible with a 
multi-exponential washout function eq (8.3). In conclusion we can say that 
the prediction from the asynchronous model that if the observed fraction 
VD в/^Е'Не' * e n o t ti"16 dependent V D B should exceed V D w, is in conflict 
with both the experimental data and with the multi-exponential function 
describing the washout curve of the asynchronous model. 
3) Existence of end-expiratory washout dead space V D W'/VE. The observed 
washout dead space in the end-expiratory sample is directly related to our 
observation that V D w exceeds V D B as discussed under point 2. The 
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existence of VQ^'/VJ; was observed by Boos (1955) in normal subjects and 
patients with obstructive pulmonary emphysema, using an extrapolation tech­
nique on nitrogen washout curves similar to the one used by us-
V D W
,/V E was also mentioned by Lewis (1978) in older normals and patients 
with airway obstructions and cystic fibrosis/ using a multi-exponential 
fitting technique with fifty fixed time constants on nitrogen washout cur­
ves. Von Nieding et al. (1976), using dual tracer experiments with SFg and 
He, have shown that V D „'/VE depends on the diffusivity. To explain these 
observations using the asynchronous model I we have to return to the 
hypothesis of collapsible alveoli which should have the additional mechani­
cal property of emptying late in expiration. The introduction of alveolar 
units with such specific mechanical properties acting differently for 
gases varying in diffusivity is not needed if we accept the asymmetric 
model as a better description of the gas transport in the respiratory 
system. The properties of end-expiratory partial pressures during washout 
in such a model have been presented in detail by de Vries et al. (1980, 
1981). It was shown that data calculated with such models generally exhi­
bited end-expiratory washout dead space. Model simulations by Paiva et al. 
(1982) confirmed these results. The underlying principle of this behavior 
can be described as follows. Helium partial pressure equilibrium exists in 
all lung regions at the start of washout. It has been described in Chapter 
7 how after inspiration of fresh air, the back diffusion from the nonre-
duced unit into the reduced unit causes the sloping alveolar plateau during 
expiration. The slope in the alveolar plateau continues as long as there 
is a difference in the partial pressures of both lung units· Since the 
expiration is seldom continued until the slope has levelled down to zero in 
practice, we find a discontinuous change in the partial pressure distribu­
tion between the lung units at the end of expiration of the first breath of 
washout. This causes P^' to be a low estimate instead of a high estimate 
(model I) of the mean partial pressure in the lung, as confirmed by the 
observation that РД'/РЕ' - 1-12. 
From the three falsification arguments discussed together with the results 
described in Chapter 7 we conclude that, with respect to the data presented 
in this chapter, the description of washout gas exchange behavior is incom­
patible with the asynchronous model and is in good agreement with the asym­
metric one. 
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The descriptions of V D B /
V E ^ n T able 8.II suggest nevertheless that an 
estimate of the anatomical dead space may be obtained from such functional 
dead space fractions· Calculating the dead space corresponding to the 
expired volume for which V D W/V E and V D B/VE(He) are equal, vre obtain for 
the male group V D j W - V D / B(He) - 148 cm
3
 (VE - 570 cm
3) and for the female 
group V D i B(He) =» 108 cm
3
 (VE - 514 cm
3). These values agree well with what 
one would expect for the anatomical dead space volume but cannot be con­
firmed from the literature where anatomical dead space and Fowler dead 
space are taken to be identical· An explanation for the result of the ana­
tomical dead space volume may be found in the boundary conditions of the 
asymmetric model. At normal inspiratory and expiratory flows, it is the 
asymmetric branching pattern beyond the level of respiratory bronchioles, 
which causes the alveolar slope. Hence, the process described with the 
asymmetric model refers mainly to intra lobular gas exchange. If the tidal 
volume decreases such that the transition zone becomes located within the 
anatomical dead space, asymmetric branching will lead to inter lobular gas 
exchange, and the classical objections against inter lobular gas exchange 
by diffusion, i.e., long distances combined with large distal volumes, 
regain their significance. Hence the arguments used to explain the obser­
vation that V D W/V E exceeds V D в/ Е are valid only for tidal volumes for 
which the transition zone exceeds the anatomical dead space. It follows 
that the boundary condition at which V D з(Не) » V D w yields the approximate 
volume of the anatomical dead space. 
Finally we consider the high correlation between V D B/VE(He) and 
V D g/Vj-ÍCOj) found in our data obtained in quietly breathing normal sub-
jects. The high correlation between the two variables invalidates the argu-
ment that the alveolar dead space might be a result of V/Q inhomogeneity 
which does not influence the V D B/VE(He). Ihe lack of any relation to the 
breathing rate, at the rather low rates used here, furthermore invalidates 
the argument that the increase in apparent dead space might be due to con-
tinued gas exchange with the lung perfusion, being the main argument used 
against the Haldane-Priestley method (1905). The more likely cause of the 
increase in dead space with tidal volumes therefore seems to be the partial 
pressure distribution described by the asymmetric model. 
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CONCLUSIONS 
Washout behavior of He was studied in 43 washout experiments which showed 
no time dependent change in the Bohr dead space fraction for He as shown 
previously. We found that the washout dead space fraction of helium, which 
is obtained by back extrapolation of the logarithm of Ps against time, is 
constant· The inter individual variation in the corresponding dead space 
volume obtained in a second set of data was so large that it could not be 
ascribed to distension of the anatomical dead space. Furthermore it was 
shown that the washout dead space fraction was larger than the Bohr dead 
space fraction of Helium, l-P^/Pg'(He), which falsifies the prediction of 
the classical model with parallel asynchronously emptying lung ccmpart-
ments. It was further shown that the existence of end-expiratory washout 
dead space fraction is incompatible with the parallel asynchronously 
emptying lung. 
These observations confirmed the predictions of the asymmetric branching 
model and disprove the classical model which needs the introduction of 
hypothetical alveoli which are not perfused and which collapse nearly 
completely at the end of each expiration. 
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9. GENERAL DISCUSSION AND SOME CONSEQUENCES FOR CLINICAL DIAGNOSES 
In this chapter we will discuss the interrelations between the different 
investigations described in the previous chapters and we will try to arrive 
at some consequences for clinical diagnosis. We will first discuss steady-
state techniques where in section 9.1 we will deal with the limitations of 
describing excretion and retention data in terms of V/Q distributions and 
the difficulty to determine the diffusion limitation in the alveolo-
capillary membrane for oxygen using such a model. In section 9.2 we will 
deal with the possibilities to separate the contributions to the pulmonary 
inhomogeneity due to V/Q distributions and to asymmetric branching in com­
bination with diffusion in the gas phase. 
We then turn to step responses in single and multiple breath techniques. In 
section 9.3 we will discuss the problems concerning the concept and deter­
mination of alveolar air. In section 9.4 we will discuss techniques to 
separate the contributions to the pulmonary inhomogeneity due to Д / 
distributions from inhomogeneity due to asymmetric branching in combination 
with diffusion in the gas phase. We will indicate possibilities of using 
these techniques in pathologic conditions. 
9.1 THE POSSIBILITY TO DETERMINE THE DIFFUSION LIMITATION OF THE ALVEOLO-
CAPILLARY MEMBRANE FOR OXYGEN TRANSPORT 
Steady-state gas exchange across the respiratory system has been investi­
gated in Chapters 2, 3, 5 and 6. The respiratory system was treated as a 
dual input-output system similar to that used in engineering where it is 
applied to heat exchangers etc. Piiper and Scheid (1972) were the first to 
use this approach for respiratory systems of vertebrates, applying counter-
current for fish, cross-current for birds and a pool-system for mammals. 
The pool-system differs from the co-current system in the description of 
the diffusion limitation. In the absence of diffusion limitation the pool-
system and co-current system are identical. In the investigations of Piiper 
and Scheid, who used the physiological gases oxygen and carbon dioxide in 
their experiments, the approach was mainly of theoretical interest. Wagner 
et al. (1974a) introduced a technique where foreign gases varying in blood-
gas partition coefficients over a wide range were administered intrave-
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nously. This technique allowed experimental verification of the gas 
exchange arrangements (construction principles) found in the respiratory 
systems of vertebrates. The gases used by Wagner et al. (1974a) were chemi­
cally inert (λ ^ f(P)), which further simplified the mathematical treatment 
of the data. One introduction of this technique was accompanied by a para­
meter estimation technique based on a lung model with fifty parallel com­
partments (Wagner et al. 1974b). Wagner and co-workers used only six 
foreign gases to estimate 50 independent parameters. As a result of the 
underdetermined mathematical problem the discussion of the method centered 
around the uniqueness of the solutions. Verification of the principle of 
the model was given little attention, the more so since Wagner et al. 
seemed mainly interested in the confirmation of the method as such. 
In Chapter 2, introducing the Ε-R diagram provided a formal reduction of 
dimensions (Popper 1968) compatible with the basic construction principles. 
The Ε-R diagram is unique where it displays the relations between two 
variables which are both output variables of the system and which are 
linked by the specific transfer properties of the system. Thus the Fick 
principle of mass conservation restricts the location of all (R,E) points 
sharing the same XQ.J/V.J, to the line E - (λδ
τ
/ν
τ
)(1 - R), independent of the 
transfer properties of the system. In the absence of active gas transport, 
the (R,E) points are further confined to the area enclosed by the abscissa, 
at E - 0, the ordinate at R - 1, and the lines displayed in Figure 2.3b for 
co-current, cross-current and counter-current arrangement, respectively. 
In the absence of diffusion limitation, we further derived that, in a 
multiple compartment co-current model dE/dR > 0 and d E/dR ^ 0. Intro­
duction of diffusion limitation in the pool-system, as shown in Figures 
2.8a and 2.8b, did not alter these boundaries, but for the co-current 
system, d'E/dR* may become negative as shown in Figure 2.6, while dE/dR 
remains positive. 
In this thesis, we have considered the application of the Ε-R diagram to 
mammalian systems only. For applications to data obtained in fish and birds 
and the significance of the gas exchange arrangement (construction prin­
ciple) for PaCOj control we refer to Zwart and Luijendijk (1982). In 
Chapter 3, using simulations with the conventional model of parallel inho-
mogeneity without diffusion limitation, we investigated the influence of 
the nonlinear dissociation curves of O2 and CO2 on the location of the 
corresponding (R,E) points. Using these (R,E) points to estimate the 
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contributions of apparent dead space/ apparent shunt and ideal alveolar 
air, we reconfirmed the observations of Farhi and Rahn (1955) and West 
(1969/70) that the aAD and AaD deduced from data obtained in vivo may often 
result from inhomogeneity rather than diffusion limitation· This does not 
imply that the problem of diffusion impaired gas transfer is imaginary as 
indicated by all the arguments advanced by Briscoe (1979) in favor of dif-
fusion impairment. If the description of gas exchange in terms of V/Q inho­
mogeneity were to be compatible with the foreign gas data, it could offer a 
good method to evaluate this problem of impaired gas transfer for oxygen. 
We could then calculate P
a
02 corresponding to the model for foreign gases, 
which is a standard subroutine in the programs devised and distributed by 
Wagner, and compare this estimated value with the actually measured РдСЦ· 
An incorrectly high estimate of I^Oj would indicate additional diffusion 
limitation in the membrane for oxygen as imposed by the great difference in 
tissue-gas and blood-gas partition coefficients which is not present with a 
foreign gas. Gas transfer simulations with the lung model described in 
Chapter 4 and comparison of the results with data obtained in vivo in dog 
and man in Chapter 5 revealed, however, that the location of (R,E) points 
for gases with high λ are incompatible with the model of Wagner (1974b). 
This discrepancy is due mainly to the buffering and release of gas in lung 
tissue and capillary blood due to the tidal nature of breathing. The high 
V/Q ratio which occurs mainly in the proximal alveolar ducts is not found 
when applying Wagner's estimation technique but is instead added to the 
dead space. In Chapter 3, it was shown that, under conditions of low 
P-O2 and correspondingly low P
a
02' 'the high V/Q compartments affect the 
final outcome of AaDC^ due to the "Bohr" and "Haldane" effects. Яіе 
patients with a P
a
02 a s ^ o w a s 5 0 B B H ? ' refered to by Briscoe (1979), just 
fall into this category. We therefore conclude that the foreign gas method 
can be used only to investigate the existence of diffusion-impaired gas 
transfer of oxygen when the possible contribution of high V/Q compartments 
not recovered by Wagner's technique is considered. 
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9.2 THE POSSIBILITY TO SEPARATE THE CONTRIBUTIONS OF V/Q DISTRIBUTIONS 
AMD ASYMMETRIC BRANCHING WITH DIFFUSION IN THE GAS PHASE TO THE PULMONARY 
INHOMOGENEITY USING STEADY-STATE TECHNIQUES 
So far we have discussed the results of nonlinear dissociation curves and 
diffusion impaired gas transfer across the membrane. In the simulations 
shown in Chapter 5 we did not introduce such a diffusion limitation, and 
the influence of diffusion relates to gas transport by diffusion in the gas 
phase only. For a tissue-free model and for a simulation of hyperbaric con-
ditions (D » 0.01) it was shown that the (R,E) points obtained for one 
value of D could be fitted with a lung model based on parallel compartments 
without systematic errors· Itius, when data obtained in vivo are compatible 
with such a model, it does not follow that the inhomogeneity of partial 
pressures in the lung results from ventilation-perfusion mismatching. It 
was argued that both serial and parallel partial pressure inhomogeneity can 
result from the interaction of convective flow and transport by diffusion. 
For the boundary case, D •*• « , it was shown that the partial pressure 
distribution becomes homogeneous throughout the lung, implying that: 
a) there cannot be a unique relation between the anatomical dead space 
defined on morphological grounds and functional dead space using the 
Bohr formulation. 
b) parallel inhomogeneity exists by virtue of diffusion limitation, which 
is in contradiction to the definition of the parallel compartments 
being fully equilibrated entities. 
The distributions of partial pressures due to ventilation-perfusion 
mismatching are counteracted by the effects of gas transport by diffusion 
and are therefore never fully developed. The level to which the partial 
pressure inhomogeneity due to ventilation-perfusion mismatching develops 
depends on the cause of the mismatch. Regional ventilation may be decreased 
by airway constriction. In this case the counteracting transport by dif-
fusion is also decreased due to the decrease in cross sectional area of the 
airway concomitant with an increase in the local bulk flow velocity. Thus, 
the partial pressure differences will be rather well developed and (R,E) 
data will vary little with D. 
In contrast, regional stiffness of respiratory epithelium will induce a 
reduced local ventilation concomitant with an increased gas transport by 
diffusion in the gas phase, since the cross sectional area is not 
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restricted and the bulk flow velocity is reduced. The increased gas 
transport by diffusion results in a leveling or possibly even reversal of 
the effect of the ventilation-perfusion mismatch on the partial pressure 
distribution. Here, the (R,E) data will vary with D. 
Finally, by using E and U which represent the efficiency of each transport 
medium, we introduced the concept of overall efficiency, Eff « Ε χ U, in the 
dual input-output system. It was illustrated how Eff allows the evaluation 
of symmetry properties of the system. It also offers a good rationale for 
optimizing multi-component input-output systems by maximizing the product 
of the values of Eff of each component. 
This optimization of the profit-cost balance can be done on a financial 
basis in technology or on the basis of physiological balance as, for 
instance, in hemodialysis· 
9.3 THE ALVEOLAR AIR AND THE DETERMINATION OF THE DIFFUSING CAPACITY 
In Chapter 6, we returned to the problem discussed by Krogh and Haldane 
with respect to the mutual relations between expired partial pressures, 
alveolar partial pressures and arterial partial pressures. We discussed the 
different factors which determine the value of the functional dead space, 
i.e., geometry, depth of breathing and the physical properties D and λ of 
the gas under consideration. Using model simulations, it was shown that, in 
the sequence from rest to exercise, the difference between end-expiratory 
and arterial partial pressure was reversed. Comparison of the results of 
our simulation with data published by Jones et al. (1979) for man at dif­
ferent levels of exercise showed good agreement· Thus the only point raised 
by Scheid and Piiper (1980) against the use of PE' to obtain mean-alveolar 
partial pressure remains the late sampling, since no directional measure­
ment errors exist in our model simulations. This brings us back to the 
start of the dispute between Krogh and Haldane. After 70 years, the 
discussion is still centered around the confusion concerning the exact 
meaning of mean alveolar partial pressure and the possibility of obtaining 
this value experimentally. Before approaching this problem we would like to 
emphasize that the observed reversal in Pg'- P
a
 is not a threat to the con­
cept of Krogh about passive gas transfer across the membranes of the lung, 
since passive gas transfer was the basis of the model described in 
Chapter 4. 
9-5 
Is it possible to describe an experimental protocol for obtaining mean 
alveolar partial pressure? In answering this question, we will return to 
our model simulations where the perfusion was homogeneously distributed per 
unit volume except for the anatomical dead space. Here, Ρ therefore repre­
sents the true mean alveolar partial pressure with respect to volume as 
well as time. The variation in PE'/Pa in Figure 6.3 shows that the end-
expiratory partial pressure in our simulations is indeed not representative 
for the mean alveolar partial pressure, which confirms the conclusion of 
Krogh and Lindhard (1913). 
The deviation of Pg' from P
a
 depends on λ, D, breathing condition and simu­
lated amount of lung tissue. Krogh and Lindhard (1917) suggested that mean 
alveolar partial pressure should be calculated from the mean expired par­
tial pressure corrected for anatomical dead space. The variation in 
(1 - PË/pa) in Figure 6.4 as a function of λ and D under each breathing 
condition, together with the variation in R/E (- Pa/Pf) а з * function of 
D - 1 ' 2 in Figure 5.2, invalidates the suggestion of Krogh and Lindhard (1917) 
even without regarding the additional problem of how to obtain the anatomi­
cal dead space experimentally. Rahn (1949) and Riley and Cournand (1949) 
approached the problem of mean alveolar partial pressure by defining ideal 
alveolar air. It was shown in Figures 3.1a and 3.1b that this alveolar air 
was uniquely defined only for those (R,E) data sets which formed a straight 
line in the Ε-R diagram. But none of our simulations depicted in Figure 5.1 
shows such a straight line. 
Jennings et al. (19Θ2), performing a collaborative study with the group of 
Pllper in Göttingen to reinvestigate the conflicting results of Jennings 
and Chen (1975) and Scheid et al. (1979), proposed the midpoint of the 
alveolar plateau to represent mean alveolar partial pressure. In Figures 
6.1 panel I and 6.3 panel I, Pg'/Pa is always smaller than one for dif-
ferent values of λ and D, which makes the midpoint of the alveolar plateau, 
which is lower than Pj.' , a much too low estimate for the mean alveolar par­
tial pressure. In Figures 6.1 panel II and 6.1 panel III, the P
a
 gradually 
moves closer to the midpoint of the alveolar plateau but the midpoint 
remains a low estimate. Increasing the inspired level of the gas under con­
sideration does not solve the problem. The introduction of Pj in our simu­
lations would mean that in the figures included in Chapters 5 and 6 all 
partial pressures should be replaced by the difference between the respec­
tive partial pressure and Pj, i.e., Pj.' becomes (Pg1- Pj) etc. In the 
9-6 
experimental situation, an increase in P-j- will make the arguments of Scheid 
and Piiper (1980) on directional measurement errors even more significant· 
So far we have shown that in a model in which the mean alveolar partial 
pressure was known all existing protocols failed to provide this mean 
alveolar partial pressure from the partial pressures in the expired air· It 
was shown that the relation between the mean alveolar partial pressure and 
the expired partial pressure depends on λ , D, breathing condition and pre­
sence of lung tissue· 
It would furthermore require only minor alterations in the ventilation and 
perfusion distribution in the model described in Chapter 4 to simulate a 
condition where the volumetric mean alveolar partial pressure would exceed 
the perfusion-weighted arterial partial pressure· we conclude therefore 
that no general protocol to obtain the mean alveolar partial pressure can 
be given. We recommend to bury the idea of mean alveolar partial pressure 
as a physiological variable more than ninety years after its conception by 
Bohr (1891) because : 
a) mean alveolar partial pressure cannot be determined unequivocally in 
the experimental situation; 
b) mean alveolar partial pressure fails to clarify the role played by dif­
fusion in gas transfer across the lung due to the tidal character of 
breathing. 
9.4 THE POSSIBILITY TO SEPARATE THE CONTRIBUTIONS OF Δν/V AND V/Q 
DISTRIBUTIONS AND ASYMMETRIC BRANCHING WITH DIFFUSION IN THE GAS PHASE 
WITH SINGLE AND MULTIPLE BREATH TECHNIQUES 
The models used in Chapters 2, 3, 4, 5 and 6 to describe steady-state gas 
exchange were applied to transient gas exchange in Chapters 7 and 8. In the 
parallel model with V/Q and/or Д / inhomogeneity, conventionally the 
emptying of the constituting compartments is taken to be asynchronous. The 
lesser ventilated compartments are assumed to contribute mainly to the ter­
minal part of the expiration. With this addition, the model allows a 
description of multiple breath washout curves with multi-exponential func­
tions as well as of the developing slope in the alveolar plateau in the 
single breath N, washout. In Chapters 7 and 8, we applied this model to 
predict the functional characteristics of respiratory variables for which 
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it was not intended originally and which allowed experimental verification. 
The intricate analytical structure of the asymmetric model described in 
Chapter 4 prohibited a similar strict prediction of the functional charac­
teristics of the respiratory variables, and we had to refer to model 
simulations described by De Vries et al. (1981) and Faiva et al- (1982). 
Predictions of both models were compared with the results of the washout 
experiments in quietly breathing healthy subjects. 
In Chapter 7, it was shown that in 43 of 50 experiments the He Bohr dead 
space fraction did not increase during washout on a breath-by-breath basis. 
РД'/РЕ' was always greater than 1.0, in these experiments. These results 
agreed with the predictions of the asymmetric branching model but disagreed 
with the predictions of the asynchronously emptying parallel compartment 
model. Breath-by-breath variations in the He Bohr dead space fraction in 
these experiments showed a high correlation with the variations in the 
CO2 Bohr dead space fraction (r»0.97, SDE-0.01). This observation is in 
disagreement with the generally accepted view that the conflicting results 
of Krogh and Haldane should be ascribed to differences in functional beha­
vior of inert and physiological gases. The differences in dead space volu­
mes which they found can be ascribed entirely to the specific measurement 
conditions created by Krogh when applying a bolus of hydrogen in the ter­
minal part of the inspiration. 
In the remaining 7 He washout experiments an increase in the He Bohr dead 
space fraction was found during washout which is in agreement with the con­
ventional model of asynchronously emptying parallel compartments. However, 
the consequent initial increase in РД'/РЕ' with a value greater than 1.0, 
followed later by a decrease showed that in these 7 experiments two 
opposing mechanisms were acting. The initial increase seemed to be caused 
by asymmetric branching and collateral diffusive gas transfer whereas the 
later decrease in washout seemed to be caused by asynchronously emptying 
parallel compartments. We therefore conclude that in healthy subjects the 
asymmetric branching and collateral diffusive gas transfer are decisive in 
creating partial pressure differences within the lung, which results in the 
eloping alveolar plateau during expiration. In a minority of cases, the 
asynchronous emptying of unequally ventilated parallel compartments also 
contributes to the sloping alveolar plateau. 
In Chapter 8, we further analyzed the 43 He washout experiments which 
showed no increase in the He Bohr dead space fraction. The model of 
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asynchronously emptying parallel compartments for the description of these 
washout experiments was falsified using the following arguments· 
1) The washout dead space volume varied from 0.1 to 0.7 1 in one indivi­
dual . Comparable variations have led in the past to the introduction of 
collapsible alveoli. We do not accept the existence of such ventilated 
alveoli to be fully collapsed at the end of each breath in healthy indivi­
duals. Shifts in the location of the diffusion front with changes in tidal 
volume and frequency give an adequate explanation for the observed 
variation in the washout dead space volume. 
2) Alveolar dead space for COj has been ascribed to ventilation-perfusion 
inhomogeneitiee along with continued excretion from the circulation during 
expiration. Ліе Bohr dead space for He during a washout experiment is inde­
pendent of both factors mentioned. The high correlation between V D B/VE(He) 
and V D g/VgiCOj) for both individual breath-by-breath variation and inter-
individual variation therefore shows that in healthy subjects the two fac­
tors mentioned are not essential in the formation of alveolar dead space. 
3) It followed from the asynchronous model that V D „/ Е < V D g/VgtHe). The 
washout experiments showed the opposite behavior for V E > 0.55 1. 
4) Existence of the end-expiratory washout dead space fraction, V D W'/VE, 
is incompatible with the asynchronous emptying of parallel compartments 
except if alveoli should collapse at the end of expiration (see argument 1). 
It was shown that the observation V D ,/Vg > V D B/VE(He) implies the 
existence of V D W'/VE. In the asymmetric branching model, we arrive at 
V D W'/V E as a result of the rapid establishment of a quasi-steady-state. 
V D W'/V E was always present and could approximate zero only if the parallel 
partial pressure differences were leveled off by post-inspiratory breath-
holding or by extended expiration. 
5) Detection of Vß^'/Vg when VDfB/VE(He) > VDiW/VE as predicted by the 
asynchronous model would imply a convex shape of the washout curve in the 
semilogarithmic plot of the partial pressure against time. Such a shape la 
incompatible with the traditional multi-exponential description. 
The existence of end-expiratory washout dead space or, less rigidly for-
mulated, the existence of a fast time constant in the end-expiratory washout 
curve may be useful in separating the effects of parallel partial pressure 
differences caused by diffusive collateral gas transfer from the effect of 
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ventilation inhomogene!ty. In the healthy subjects investigated, the 
establishment of quasi-steady-state in the asymmetric model was achieved 
within two or three breaths and was therefore not detected as a contribu­
tion of a fast time constant· Under pathologic conditions, the establish­
ment of the quasi-steady-state nay require a much longer period. In a 
multi-exponential fit, this would result in the replacement of the end-
expiratory dead space fraction by the contribution of a component with a 
fast time constant. 
Using simultaneous He and SF 6 washout, this would yield a smaller contribu­
tion with a fast time constant for He than for SFg, in agreement with the 
crossing-over point of the end-expiratory washout curves obtained by von 
Nieding et al. (1975). In contrast, if the parallel model is dominant in 
the washout process of He and SFg, we will estimate the same weighted 
distribution of time constants for both gases· Thus, it has been shown for 
washout data that we can differentiate between the two main causes of par­
tial pressure inhomogeneity in the lung. Using Рд'/Рв'/ it has been shown 
that both causes may exist simultaneously with the asymmetric branching 
dominating the early breaths of washout and with the effects of asynchro­
nous breathing gradually taking over later. Further development of experi­
mental techniques and parameter estimation will be necessary to arrive at a 
quantitative assessment of the contribution of both factors under patholo­
gic conditions. 
CONCLUSIONS 
The interaction of the alveolo-capillary membrane with the highly soluble 
gases makes it impossible to obtain an acceptable estimate of the contribu­
tion of highly ventilated but poorly perfused regions to the overall gas 
transfer. Under hypoxic condition such regions have a large effect on the 
O2 and CO2 partial pressures due to the "Bohr-Haldane" effect. The 
Oj partial pressure calculated from such an estimated distribution can, 
therefore, not be used to confirm or defy the existence of diffusion limi­
tation in the alveolo-capillary membrane. We also found that a strict 
separation of V/Q-induced and diffusion-induced partial pressure distribu­
tions is not yet possible. We have shown that the performance of the lung 
can be assessed from excretion and retention data by using the excretion-
retention diagram and Eff. 
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It was shown that from measurements of expired partial pressure a correct 
estimate of mean alveolar partial pressure as used in the clinical deter­
mination of diffusing capacity cannot be obtained· Using the response to a 
stepwise change in inspired partial pressure we showed that in healthy nor­
mally breathing subjects the gas transfer across the lung can be correctly 
described by the model with asymmetric branching patterns· 
The simultaneous washout of gases with different diffusion coefficients can 
be used to distinguish between washout behavior induced by inhomogeneous 
ventilation distributions and diffusion induced behavior during forced 
breathing and for pathological conditions. 
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SUMMARY 
The conventional analysis of gas transfer across the lung is based on a 
model with parallel compartments where no gas exchange takes place between 
the compartments and the ventilation is described as a continuous rate pro­
cess. With this model several well documented observations in vivo cannot 
be described such as: a) the diffusion dependent differences between He and 
SFg washout, b) the reversal in the difference between arterial and end-
expiratory CO2 partial pressures induced by exercise and c) the deviant 
behavior in the excretion of acetone which is incompatible with the 
description of gas transfer with V/Q distributions. 
To describe these observations we looked for necessary alterations in the 
mammalian lung model using a technique of prediction and falsification. In 
Chapters 2 through 6 this was done for steady state gas transfer and in 
Chapter 7 and 8 for the response to a stepwise change in the inspired par­
tial pressures. Predictions were made with the conventional model and with 
a model recently developed in our laboratory. In the latter model we 
entered: a) an asymmetric branching pattern of the airways, b) a tidal 
breathing pattern, and c) the interaction of gas transport by bulk flow and 
gas transport by diffusion. 
Predictions of the two models which were mutually incompatible were com­
pared with experimental data obtained in vivo in man and dog. 
A description of the historical development of the conventional lung model 
in Chapter 1 is followed by the introduction of the Ε-R diagram in Chapter 2 
The Ε-R diagram permits a good description of the boundary conditions of 
the various models under steady state gas transfer. The introduction of 
Eff(iciency) permits a simple quantitative description of the performance 
of the lung. In Chapter 2 and 3 the properties of the conventional models 
are described in detail both for gases which follow Henry's law (λ И f(Ρ)) 
and for the physiological gases oxygen and carbon dioxide with their 
mutually dependent nonlinear dissociation curves. Ліе "Bohr-Haldane" effect 
greatly influences the estimated parameters in the "ideal alveolar" concept 
under different hypoxic conditions when hyper ventilated lung regions exist 
besides normally ventilated lung regions. 
The model with asymmetric branching patterns is described in Chapter 4. 
Along with tidal breathing and interaction of gas transport by bulk flow 
and by diffusion, which have been previously used by others, we introduced 
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the interaction with the lung perfusion and with the alveolo-capillary 
membrane volume. This enabled a simulation of steady state gas transfer· 
Results obtained with this model are discussed in Chapters 5 and 6· In 
Chapter 5 we ascertained the influence of the diffusion in the gas phase on 
overall gas transfer, thus confuting a description in terms of V/Q distri­
bution alone. 
The diffusion dependent behavior of gas transfer in the asymmetric model 
differed from the diffusion dependent behavior of the pool system in that 
extra polation of the data obtained for gases with different diffusion 
coefficients to the not diffusion limited condition where D is infinite, 
did not allow a separation of dead space ventilation and alveolar ven­
tilation. Available data obtained in vivo were insufficient to allow falsi­
fication of either of the two models. 
Simulated data with one diffusion coefficient but various blood-gas par­
tition coefficients showed a curvature which for high blood-gas partition 
coefficients (larger than about 10) was incompatible with the description 
in terms of parallel V/Q distributions. This was caused by the interaction 
with the gas buffered in the alveolo-capillary membrane and capillary blood 
volume. In contrast, simulations with the asymmetric model were in good 
agreement with the results obtained in vivo. Fitting data with V/Q distri­
butions alone results in an overestimation of the dead space ventilation 
and in an underestimation of the contribution of hyper ventilated regions. 
Calculations of O2 and CO2 partial pressures with such estimated distribu­
tions under the hypoxic conditions described in Chapter 3 wil not be repre­
sentative for the original physiological condition and cannot be used to 
solve the problem of possible existence of diffusion limitation across the 
alveolo-capillary membrane. In Chapter б we discussed the relations between 
partial pressures in the expired air, in the alveolar air and the arterial 
blood. The results of the simulations with the asymmetrical model showed 
a reversal in the difference between arterial and end-expiratory partial 
pressures with increasing exercise which was in good quantitative agreement 
with data obtained in vivo. The influence of, among others, the diffusion 
coefficient and the blood-gas partition coefficient makes it impossible to 
design an experiment which yields the correct mean alveolar partial 
pressure. This is important for the clinical determination of the diffusion 
capacity and for the fundamental meaning of functional dead space. 
The discussion of steady state gas transfer is followed in Chapters 7 and В 
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by a discussion of the response to a stepwise change in the inspired par-
tial pressure· Asynchronous emptying of the parallel compartments has to be 
addded in order to obtain a sloping alveolar plateau which, however, is 
still not dependent on the diffusion coefficient· The model with asymmetric 
branching patterns was originally developed to yield such a eloping 
alveolar plateau at synchronous breathing, where the slope depended on the 
diffusion coefficient in the gas phase as for He and SFg. 
Using predictions based on eight different variables, we falsified the con-
ventional model. It was shown that the interpretation of the estimated 
parameters of a multiple breath washout as specific ventilations was 
incorrect even for those data sets which could be fitted well with a multi-
exponential function· The asymmetric model showed a correct prediction for 
all eight points if compared with data obtained in vivo in healthy sub-
jects· 
The washout of helium showed a close relation with the washout of the phy-
siological gas COj in all experiments where asynchronous emptying was 
falsified. This negates the argument of ascribing the conflicting results 
of Haldane and Krogh to the use of the inert gas hydrogen instead of the 
physiological gas carbon dioxide. These conflicting results were entirely 
due to the administration of a hydrogen bolus only in the terminal part of 
the inspiration by Krogh· 
In a minority of the washout experiments in healthy subjects we found 
strong evidence for asynchronous emptying of lung regions with unequal par-
tial pressures. Suggestions were given on how to distinguish between the 
contribution of inhomogeneous ventilation distributions and the interaction 
of bulle flow and diffusion as described in the asymmetric model. 
We conclude that the asymmetric branching model was compatible with the 
behavior of all investigated variables in healthy subjects both in steady-
state gas transfer and in the response to a stepwise forcing function. It 
was shown that V/Q distributions and asynchronous emptying have to be added 
to this model for forced breathing and/or pathological conditions· A tidal 
breathing pattern remains, however, a necessary condition for a correct 
description of the experimental data obtained in vivo. 
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SAMENVATTING 
Bij de gebruikelijke analyse van de gasuitwisseling in de long wordt een 
model van de long toegepast met parallel geplaatste gasuitwisselings-
compartimenten. Er wordt verondersteld dat geen gasuitwisseling plaatsvindt 
tussen de verschillende longgebieden en de ademhaling wordt als een con-
tinue massastroom in het model ingevoerd· 
Met dit model kan een aantal goed gedocumenteerde waarnemingen niet bevre-
digend worden beschreven, zoals: a) het verschil in He en SF6 uitwas welke 
het gevolg is van verschillen in de diffusie coëfficiënten van beide 
gassen, b) de tekenomkering in het verschil tussen de koolzuurspanning in 
de laatst uitgeademde lucht en de koolzuurspanning in het arteriële bloed 
bij toename van de belasting, c) het afwijkend gedrag van aceton dat niet 
in een beschrijving met ventilatie-perfusie verdelingen past. 
In dit onderzoek werd nagegaan welke toevoegingen in het model van de zoog-
dierlong nodig zijn om bovengenoemde waarnemingen te kunnen beschrijven· 
Biertoe werd de techniek van voorspelling en toetsing (falsificatie) 
gebruikt zowel in de stationaire gasuitwisselingssituatie (Hfd- 2 t/m 6), 
als ook in de uitwassituatie na een stapvormige verandering van partiaal 
spanningen in de aangeboden ademhalingslucht (Hfd. 7 en Θ). 
Voorspellingen werden gemaakt op basis van het parallel compartimenten 
model en op basis van een onlangs door ons ontwikkeld model. In dit laatste 
model werd a) een asymmetrisch vertakkingspatroon van de luchtwegen inge­
voerd, b) had de ventilatie een in- en een uitademingsfase en c) werd de 
gasuitwisseling beschreven als een interactie van gastransport door bulk 
flow en transport door diffusie. Waar de voorspellingen van deze twee 
modellen strijdig bleken, werden zij getoetst aan experimentele waar­
nemingen verkregen bij mens en dier. 
Na een inleiding over de historische ontwikkeling van de gebruikelijke 
longmodellen in Hfd. 1, werd in Hfd. 2 het excretie-retentie (E-R) diagram 
ingevoerd als referentiekader om het gedrag van de diverse modellen te kun­
nen weergeven voor stationaire gasuitwisseling. De invoering van de 
variabele Eff(iciency) veroorlooft een eenvoudige kwantitatieve 
beschrijving van het gasuitwlsselende systeem. In Hfd. 2 en 3 werd 
uitgebreid ingegaan op de eigenschappen van de gebruikelijke longmodellen, 
S-4 
zowel voor gassen met constante bloed-gas verdelingscoëfficiënten (wet van 
Henry), als ook voor de fysiologische gassen Oj en ССЦ met hun onderling 
afhankelijke niet lineaire dissociatie curven. 
Verrassend was de invloed van het "Bohr-Haldane" effect op de schatting van 
de parameters in het "ideaal alvéolaire" model onder hypoxische omstan-
digheden bij aanwezigheid van hypergeventileerde longgebieden, naast nor-
maal geventileerde longgebieden. 
In Hfd. 4 werd het asymmetrisch vertakkend longmodel beschreven. Naast in-
en uitademingsfase en interactie van gastransport door bulk flow en door 
diffusie, zoals ook door anderen is beschreven, werden de interactie met de 
doorbloeding en de interactie met het bufferend volume van het longweefsel 
ingevoerd, hetgeen een beschrijving van stationair gastransport mogelijk 
maakt- Simulatie resultaten met dit model in de stationaire gasuit-
wisselingssituatie werden behandeld in Hfd. 5 en 6. In Hfd. 5 werd aange-
toond dat de invloed van de diffusie coëfficiënt bij de beschrijving van de 
gasuitwisseling niet verwaarloosd mag worden en dat een beschrijving in 
termen van ventilatie-perfusie verdelingen daarom te kort schiet. 
Het diffusie afhankelijk gedrag van het asymmetrische model verschilde fun-
damenteel van het gedrag van een npool"systeem t.a.v. de mogelijkheid om, 
door extrapolatie van meetpunten met eindige diffusie coëfficiënten, een 
schatting van de dode ruimte ventilatie en alvéolaire ventilatie te 
verkrijgen. De beschikbare experimentele gegevens maakten het niet mogelijk 
éën van de twee modellen uit te sluiten. Vergelijking van gesimuleerde data 
met gelijke diffusie coëfficiënten maar met variatie in de bloed-gas ver-
delingscoëfficiënten toonde aan dat de invloed van de interactie met het 
longweefsel afwijkingen veroorzaakte welke opnieuw in strijd waren met een 
beschrijving van de gasuitwisseling in termen van ventilatie-perfusie ver-
delingen. De met het asymmetrische model gesimuleerde data waren daarbij in 
goede overeenstemming met in mens en dier verkregen resultaten met het goed 
oplosbare gas aceton. De beschrijving van experimentele data in termen van 
ventilatie-perfusie verdelingen, zonder rekening te houden mat de interac-
tie met het longweefsel zal leiden tot een overschatting van ventilatie 
naar niet doorbloede longgebieden ten koste van de schatting van ventilatie 
naar overgeventileerde doch weldoorbloede longgebieden. Voorspellingen van 
de uitwisseling van O2 en CO2 op grond van zulke geschatte verdelingen 
zullen onder de hypoxische condities, beschreven in Hfd. 3, niet represen-
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tatief zijn voor de oorspronkelijke meetsituatie. In Hfd. 6 werden de rela-
ties tusen partiaal spanningen in de uitademingslucht, in de lucht in de 
longen en in het arteriale bloed behandeld. De tekenomkering van het 
verschil van de partiaalspanning in de laatst uitgeademde lucht en de par-
tiaalspanning in het arteriële bloed werd in de simulatie met het asym-
metrische model bevestigd voor de gesimuleerde belastingstoename. De 
invloed van o.a. de diffusie coëfficiënt, de bloed-gas verdelingscoëff-
iciënt en de interactie met het longweefsel maken het onmogelijk een proto-
col te ontwerpen cm in de experimentele situatie een representatieve waarde 
voor de gemiddelde alvéolaire spanning te verkrijgen (Hfd. 9). Na de behan-
deling van de stationaire gasuitwisseling werd in Hfd. 7 en 8 de uitwas van 
gassen bekeken na een stapvormige verandering in de aangeboden partiaal 
spanningen. Het gebruikelijke model wordt daarbij uitgebreid met 
"asynchrone" uitademing om de helling van de partiaalspanningscurve in de 
late fase van de uitademing te kunnen bschrijven. Het model met asym-
metrisch vertakkende luchtwegen werd indertijd ontwikkeld om een beschrij-
ving van deze helling zonder de voorwaarde van asynchroniteit te ver-
krijgen. Aan de hand van een achttal voorspellingen werd aangegeven dat het 
gebruikelijke asynchroon ledigende model geen juiste beschrijving en 
interpretatie van het uitwasgedrag toestaat. Zelfs in die gevallen waarin 
een goede beschrijving van de opeenvolgende meetpunten verkregen kan worden 
met het asynchrone model, blijkt de interpretatie van de gevonden parame-
ters in termen van dit model aanwijsbaar onjuist te zijn. Op alle behan-
delde punten bleek het asymmetrische vertakkingsmodel een correcte 
voorspelling te geven, alsook voor de elders behandelde verschillen tussen 
He en SFg uitwas. Aangetoond werd dat voor die experimenten waarin geen 
aanwijzing voor asynchrone uitademing werd gevonden, het uitwasgedrag van 
het niet fysiologische gas Helium een zeer nauwe relatie vertoonde met het 
gedrag van het fysiologische gas koolzuur. Het onderscheid dat vaak gemaakt 
wordt tussen fysiologische gassen en niet fysiologische gassen, als 
uitvloeisel van de discussie tussen Haldane en Krogh, blijkt hiermee 
onjuist. De grote verschillen in de resultaten van de dode ruimte meting 
door genoemde onderzoekers is volledig toe te schrijven aan de toediening 
van waterstof gas in de vorm van en bolus aan het eind van de inademing, als 
toegepast door Krogh. 
In een klein aantal experimenten werden aanwijzingen gevonden voor 
asynchrone lediging van longdelen met verschillen in partiaalspanning. Een 
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aanzet werd gegeven hoe de bijdrage van de twee gasuitwisselingsprincipes 
kan worden onderscheiden. 
Resumerend kan gesteld worden dat het asymmetrisch vertakkend model van de 
luchtwegen een bevredigende beschrijving van alle onderzochte variabelen 
geeft bij gezonde proefpersonen en dieren in zowel de stationaire gasuit-
wisseling als bij de responsie op stapvormige veranderingen· Aangegeven 
werd dat ventilatie-perfusie verdelingen en asynchrone uitademing aan het 
beschrijvende model zullen moeten worden toegevoegd bij geforceerde 
ademhaling of onder pathologische condities. Ook in het laatste geval 
blijft invoering van een ademhalingspatroon met in- en uitademing nood-
zakelijk voor een bevredigende beschrijving van experimentele data. 
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Stellingen 
1) De grote variatie van de PCO2 en de pH in het respiratoire weefsel ter 
hoogte van de respiratoire bronchioli bij een snelle en diepe inademing 
kan de oorzaak zijn van "exercise induced" asthma. In dat geval zou de 
aanbevolen ademhalingstechniek van snelle inademing gevolgd door een 
vertraagde uitademing, ofschoon deze techniek vanuit mechanisch oogpunt 
een zeer goede remedie vormt, de prikkel voor de asthma aanval 
onderhouden· 
Dit proefschrift Hfd 7. 
2) De vorming van proximale bullae by emphyzeem kan samenhangen met de 
Sterke verandering van de PCO2 en de pH tijdens de ademhalingseyelus in 
het proximaal gelokaliseerde respiratoire epitheel ten gevolge van 
stratificatie. 
Dit proefschrift Hfd б· 
3) Het interpreteren van nulti-exponentiële fit resultaten van o.a. He en 
N2 uitwas curven in termen van model parameters van een long model 
bestaande uit parallel gedachte ideale mengvaten is in het algemeen aan-
toonbaar in strijd met de biologische werkelijkheid welke men tracht te 
beschrijven. 
Dit proefschrift Hfd 8. 
4) In de klinische longfunctie praktijk is een herbezinning op de ter-
minologie en definiëring van o.a. functionele dode ruimte, alvéolaire 
lucht en diffusie capaciteit noodzakelijk. 
Dit proefschrift Hfds 3, 6, 7, 8 en 9. 
5) Het grotendeels terugnemen van de verklaring van de AaP02 gradient door 
Riley and Permutt (1973) is een aanbeveling voor de wetenschappelijke 
integriteit van de onderzoeker Riley. 
Riley, R.L. and S. Permutt. Venous admixture component of the 
AaP02 gradient. J. Appi. Physiol. 35, 430-431 (1973). 
6) De methode van Wagner om de gasuitwisseling over de long in termen van 
ventilatie-perfusie distributies te beschrijven is onvolledig en daar-
door niet geschikt om uitspraken te doen ten aanzien van de grootte van 
de diffusie limitatie van het alveolo-capillaire membraan voor zuurstof 
transport· 
Dit proefschrift Hfds 2, 3, 5 en 9. 
7) Wagner et al. (1974) refereren aan Forster (1964) pg. 845 om hun aanname 
van diffusie equilibrium over het alveolo-capillaire membraan te 
rechtvaardigen· Zij houden hierbij geen rekening met de waarschuwing 
waarmede Forster (1964) pg. 846 dezelfde paragraaf eindigt. "Inert gases 
whose solubility in water and tissue fluids is much greater than that of 
acetylene (0.74 ml per ml per atm) may dissolve in the walls of the air-
passages enroute to or from the alveoli to such an extent that a major 
barrier to gas exchange of the inert gas between the alveoli and the 
environment is produced". 
Wagner P.P., R.B. laravuso, R.R. Uhi and J.B. West. Continuous distribu­
tions of ventilation-perfusion ratios in normal subjects breathing air 
and 100% 0 2. J. Clin. Invest. 54: 54-68 (1974). 
Forster, R.E. Diffusion of gases· In: Handbook of Physiology Respiration 
Vol 1 Chapter 33 Eds. W.O. Fenn and H. Bahn. Am. Physiol. Soc. 
Washington DC (1964) pp. 839-872 
8) Het onderscheid dat wordt gemaakt tussen het uitwisselingsgedrag van 
inerte gassen enerzijds en de physiologische gassen COj en Oj anderzijds 
is terug te voeren op de onjuiste interpretatie van de H2 uitwas experi­
menten van Krogh en Lindhard. 
Dit proefschrift Hfds 1, 7 en 8. 
9) J. Read en P.H. Rossier (1971) verklaarden ten aanzien van de dode 
ruimte gemeten met de methode Haldane-Priestley: "values obtained by 
this method, which substitutes CO2 tension at the end of a forced 
expiration for alveolar CO2 tension are now thought to be too large and 
are therefore of historic interest only"· De behandeling van dit onder­
werp in dit proefschrift in Chs 1, 6, 7, 8 en 9 laat zien dat de 
Haldane-Priestley methode in het onderzoek naar de betekenis van Ле 
functionele dode ruimte nog steeds actueel is. 
Read J, and P.H. Rossier. Dead Space Volume. Man Part I At Rest. In: 
Biological Handbook. Respiration and Circulation Eds. P.L. Altman and 
D.S. Dittmer. Fed. of Am. Societies for Experimental Biology. Bethesda, 
Maryland 1971 pg. 64. 
10) Toediening intraveneus van een 5% volume oplossing van ether in phy-
siologische zoutoplossing vermijd de klassieke bezwaren van de ether-
narcose zoals o.a. explosiviteit, luchtwegirritatie en langzame 
inductie, onder behoud van de gunstige eigenschappen van de ethernar-
cose. 
11) Wijziging van de effectieve shuntfractie in de vissenkieuw maakt een 
snelle respiratoire regulatie van de post bronchiale PCO2 en pH moge-
lijk zoals die ook wordt gevonden in alle lucht ademende vertebraten. 
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12) Het nieuwe financieringssysteem voor het wetenschappelijk onderzoek aan 
de universiteiten bevordert het massale onderzoek van mode onderwerpen, 
ook wel maatschappelijk relevant onderzoek genoemd. 
13) "Het is onzakelijk om goedkoop te bouwen en duur te wonen door hoge 
rekeningen van het brandstof verbruik" Koen Limperg (1936). De energie 
crisis van 1973 was nodig om de consequenties van deze uitspraak in de 
thermische voorschriften ten aanzien van de woningbouw te verwerken. 
Limperg, K. Naar warmer woningen. Uitg. van Holkema en Warendorf N.V. 
Amsterdam (1936). 
14) Het indrukwekkend populair wetenschappelijk oevre van dr. Jac. P. 
Thijsse (1865-1945) bedoeld om op grote schaal aandacht en liefde voor 
het ons omringende natuurschoon te bevorderen heeft een belangrijke 
bijdrage geleverd tot de ernstige verschraling en gedeeltelijke ver-
nietiging van de in zijn tijd nog zo rijkelijk aanwezige 
natuurgebieden. 
15) Pas door falsificatie wordt een classificeerder een geacht medewerker. 
Popper, K.R. The logic of scientific discovery. Hutchinson G Co. London 
(1968). 
16) Piet Zwart heeft reeds in 1920 het esthetische maniërisme van "de 
Stijl" aan de kaak gesteld. Het is daarom onjuist dat Zwart onlange 
(1982) zonder verwijzing naar zijn totaal andere, n.l. functioneel 
technische/ benaderingswijze ala epigoon van "de Stijl" wordt 
gepresenteerd. 
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